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A.  OBJECTIVE 

The  objective  of  this  effort  is  to  develop  a  dynamic  reinforced  soil  design  method  that 
characterizes  shock  wave  propagation  through  reinforced  soil  and  the  dynamic  interaction 
with  modular  wall  panel  sections,  and  use  this  method  to  prepare  a  preliminary  design  for  an 
anchored  wall  panel  and  soil-reinforcing  system  for  an  airbase  protective  shelter. 
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B.  BACKGROUND 

Protective  shelters  for  military  applications  are  traditionally  constructed  with 
reinforced  concrete.  Most  current  hardened  aircraft  shelters  arc  heavily  reinforced,  cast-in- 
place  concrete  barrel-vault  structures.  These  types  of  construction  are  expensive,  time 
consuming,  and  require  skilled  labor,  equipment  and  large  quantities  of  construction  materials 
that  may  not  be  available  on  site.  Therefore,  it  is  not  compatible  with  the  US  Air  Force's 
Global  Reach/Global  Power  concept  of  quickly  constructing  hardened  aircraft  shelters  at 
colocated  operating  bases,  using  military  personnel  for  labor. 

The  use  of  prefabricated,  high-strength  modular  roof  and  wall  panels,  along  with 
reinforced  soil,  will  allow  thecc  shelter  components  to  be  pre-positioned  in  theater  and  rapidly 
erected  by  civil  engineering  labor  as  the  need  arises.  Using  modular  wall  panels  anchored  to 
a  soil  backfill  reinforced  with  geosynthetics  for  hardened  shelter  construction  could  reduce 
construction  cost  by  at  least  30  percent,  as  opposed  to  the  use  of  reinforced  concrete.  Over 
80  percent  of  the  volume  of  these  shelters  is  soil,  minimizing  logistical  demands  for  the 
construction.  Furthermore,  damage  to  the  shelter  from  airblast  and  ground  shock  would  be 
localized  due  to  the  modular  wall  construction  Thus,  expedient  repair  methods  can  be 
applied  to  these  prefabricated  reinforced  soil  shelter  facilities  with  little  difficulty.  It  is 
expected  that  this  innovative  construction  technique  will  increase  the  survivability  of  airbase 
shelters,  while  reducing  construction  and  maintenance  costs. 
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C.  SCOPE 

The  scope  of  this  effort  included;  (1)  defining  rec.uirements  for  the  airbase  protective 
shelter  anchored  wall  panel  and  soil  reinforcing  system  to  be  designed;  (2)  a  comprehensive 
review  of  the  engineering  literature  and  current  research  related  to  design  of  reinforced  soil 
and  anchored  wall  panels,  with  emphasis  on  dynamic  loads;  (3)  airbase  protective  shelter 
anchored  wall  panel  and  soil  reinforcing  system  design  concept  definition,  screening, 
evaluation,  and  selection;  (4)  developing  a  mathenratical  mode!  for  explosive  ground  shock 
response  of  the  selected  anchored  wall  panel  and  soil  reinforcing  system  design  concept;  (5) 
determining  numerical  values  for  the  parameters  of  the  developed  mathematical  model;  (6) 
developing  a  computational  procedure,  using  the  developed  mathematical  model;  (7) 
selecting  or  developing  a  computer  code  using  the  developed  computational  procedure;  (8) 
performing  parametric  calculations  to  support  development  of  a  preliminary  design  method; 
(9)  analy2ing  calculational  results  and  developing  a  preliminary  design  method;  and  (10) 
executing  a  preliminary  design  satisfying  the  defined  requirements,  using  the  selected  design 
concept  and  developed  design  method. 

D.  METHODOLOGY 

Mathematical  and  finite-element  models  were  developed  to  characterize  shock  wave 
propagation  through  reinforced  soil  and  the  dynamic  interaction  with  modular  wall  pane! 
sections.  These  models  were  used  for  parametric  studies  to  provide  design  guidance. 

E.  TEST  DESCRIPTION 

No  field  or  laboratory  tests  were  conducted  under  this  effort. 

F.  RESLILTS 

Based  on  the  results  of  extensive  numerical  analyses,  a  step-by-step  procedure  has 
been  proposed  for  designing  a  reinforced  soil  and  modular  wail  panel  connection  system  to 
withstand  the  ground  shock  from  a  buried  explosion.  The  design  procedure  consists  of  six 
major  steps:  (1)  determine  the  geogrid  volume  ratio  in  the  reinforced  soil;  (2)  determine  the 
peak  value  and  time  decay  rate  of  the  free-field  normal  stress  in  the  reinforced  soil  due  to  a 
given  explosion;  (3)  conduct  limit  analvses  of  the  maximum  pull-out  resistance  of  the  soil 
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reinforcement;  (4)  conduct  limit  analyses  of  the  maximum  resistance  of  wall  panel  shear 
connectors;  (5)  determine  the  maximum  wall  panel  displacement  due  to  the  given  threat;  and 
(6)  design  against  breaching  of  a  reinforced  concrete  wall  panel.  The  preliminary  design  of 
an  anchored  wall  panel  and  soil  reinforcing  system  uses  this  proposed  procedure.  The  design 
procedure  is  based  on  the  "limit  state"  concept,  which  requires  determination  of  the  peak 
ground  shock  loading  as  well  as  the  ultimate  resistance  of  the  structural  system. 

Three-dimensionai  (3D)  finite  element  analyses  using  SAP90™  were  conducted  to 
study  the  geometric  efforts  of  different  wall  panel  configurations  on  the  structural  behavior  of 
the  connection  system.  Rectangular  and  hexagonal  wall  panels  commonly  used  in  highway 
construction,  and  a  "masonry  wall"  type  of  construction  were  studied  in  detail.  It  was 
concluded  that  using  4-foot  wide,  2-foot  high,  8-inch  thick  wall  panels  or  blocks,  arranged  in 
a  masonry  -vail  configuration,  would  minimize  the  joint  forces  and  consequently  maximize  the 
wall's  su'wivabiiity. 

G.  COTn'CLUSIONS 

Due  to  the  impulsive  nature  of  ground  shock,  the  maximum  response  of  the  wall 
panel  and  reinforced  soil  system  depends  mainly  on  the  capacity  and  rate  of  energy 
absorption  and  dissipation  of  the  system.  Therefore,  the  connection  between  wall  panels  and 
soil  reinforcement  and  the  soil  reinforcement  itself  should  be  ductile  beyond  the  proportional 
limit.  Furthermore,  the  soil  reinforcement  should  possess  a  high  elastic  tensile  modulus  to 
minimize  the  wall  panel  displacement. 

H.  RECOMMENDATIONS 

The  simplified  design  procedure  proposed  herein  for  a  modular  wall  panel  and 
reinforced  soil  connection  system  should  be  validated  by  conducting  full-scale  explosive  tests 
or  small-scale  centrifuge  tests.  The  design  parameters  to  be  varied  in  the  tests  should  include 
panel  geometry,  geogrid  mechanical  properties,  and  shear  connector  design.  These  tests 
should  be  fully  instrumented  to  provide  data  for  design  guidance.  The  transducers  should 
include  free-field  pressure  gages  in  soil,  strain  (or  stress)  gages  on  the  geogrid,  interface 
stress  gages  on  will  panels,  accelerometers  on  wall  panels,  and  LVDTs  to  measure 
instantaneous  as  well  as  permanent  displacement  of  wall  panels. 
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SECTION  I 


INTRODUCTION 


A.  OBJECTIVE 

The  objective  of  this  effort  is  to  develop  a  dynamic  rcinforccd-soil  analysis  method  that 
characterizes  shock  wave  propagation  through  reinforced  soil  and  the  dynamic  interaction  with 
modular  wall  panel  sections,  and  use  this  method  to  prepare  a  preliminary  design  of  an  anchored 
wall  panel  and  soil  reinforcing  system  for  an  airbase  protective  shelter. 

B.  BACKGROUND 

Protective  shelters  for  military  applications  are  traditionally  constructed  with  reinforced 
concrete.  For  instance,  most  current  hardened  aircraft  shelters  are  heavily  reinforced,  cast-in¬ 
place  concrete  barrel  vault  structures.  There  are  three  basic  designs:  (1)  first  generation  (TAB- 
VEE  and  modified  TAB-VEE),  (2)  second  generation,  and  (3)  tliird  generation.  All  three  designs 
are  cast-in-place  reinforced  concrete  arches  with  corrugated  steel  inner  liners,  but  they  differ  in 
the  arch  span,  height,  overall  length,  and  door  and  exhaust  port  design.  The  TAB-VEE  shelter  is 
a  semi-circular  arch  with  a  span  of  48  feet,  a  height  of  24  feet,  and  a  length  of  100  feet.  The 
doors  are  clamshell-shaped  armor  steel,  hinged  on  a  concrete  collar  recessed  about  20  feet  in  from 
the  front  opening  The  modified  TAB-VEE  door  is  also  ciamshell-shaped,  However,  the  door 
halves  are  welded  together  and  placed  in  front  of  the  arch  opening,  rolling  sideways  for  access. 
The  second  and  third  generation  shelters  arc  both  double-radius  arches,  the  major  difference  being 
the  arch  span  (82  feet  for  the  second  generation  and  72  feet  for  the  third  generation).  The  height 
and  length  arc  28  and  120  feet,  respectively.  The  two  reinforced  concrete  doors  roll  sideways, 
and  are  supported  by  steel  trusses  that  form  an  outrigger  for  stability.  This  type  of  construction  is 
expensive,  time-consuming,  and  requires  skilled  labor,  equipment  and  large  quantities  of 
construction  materials  that  may  not  be  available  on  site.  Therefore,  it  is  not  compatible  with  the 
US  Air  Force's  Global  Reach/Global  Power  concept  of  quickly  constructing  hardened  aircraft 
shelters  at  colocated  operating  bases,  using  milit.i'7  personnel  for  labor. 

The  use  of  prefabricated,  high-strength,  modular  roof  and  wail  panels,  along  Aith  reinforced 
soil,  will  allow  these  shelter  components  to  be  pre-positioned  in-thcalcr  and  rapidly  erected  by 
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civil  engineering  labor  as  the  need  arises.  Using  modular  wall  panels  anchored  to  a  soil  backfill 
reinforced  with  geosynthetics  for  hardened  shelter  construction  could  reduce  construction  cost  by 
at  least  thirty  percent,  as  opposed  to  using  reinforced  concrete.  Over  80  percent  of  the  volume  of 
these  shelters  is  soil,  thus  minimizing  logistical  demands  for  construction.  Furthermore,  damage 
to  the  shelter  from  airblast  and  ground  shock  would  be  localized  due  to  the  modular  wail 
construction.  Thus,  expedient  repair  methods  can  be  applied  to  these  prefabricated,  reinforced 
soil  shelter  facilities  with  little  difficulty.  It  is  expected  that  this  innovative  construction  technique 
will  increase  the  survivability  of  airbase  shelters,  while  at  the  same  time  reducing  construction  and 
maintenance  costs. 

C.  SCOPE 

The  scope  of  this  effort  included:  (1)  defining  requirements  for  the  airbase  protective  shelter 
anchored  wall  panel  and  soil  reinforcing  system  to  be  designed;  (2)  a  comprehensive  review  of 
the  engineering  literature  and  current  research  related  to  design  of  reinforced  soil  and  anchored 
wall  panels,  with  emphasis  on  dynamic  loads;  (3)  airbase  protective  shelter  anchored  wall  panel 
and  soil  reinforcing  system  design  concept  definition,  screening,  evaluation,  and  selection;  (4) 
developing  a  mathematical  model  for  explosive  ground  shock  response  of  the  selected  anchored 
wall  panel  and  soil  reinforcing  system  design  concept,  (5)  determining  numerical  values  for  the 
parameters  of  the  developed  mathematical  model;  (6)  developing  a  computational  procedure, 
using  the  developed  mathematical  model;  (7)  selecting  or  developing  a  computer  code  using  the 
developed  computational  procedure,  (8)  performing  parametric  calculations  to  support 
development  of  a  preliminary  design  method,  (9)  analyzing  calculational  results  and  developing  a 
preliminary  design  method;  and  (10)  executing  a  preliminary  design  satisfying  the  defined 
requirements,  using  the  selected  design  concept  and  developed  design  method. 


SECTION  n 


LITERATURE  REVIEW 

A  comprehensive  review  of  the  engineering  literature  and  current  research  related  to  the 
design  of  reinforced  soil  and  anchored  wall  panels,  particularly  for  dynamic  loads,  has  been 
conducted.  Because  of  the  large  amount  of  technical  informati'’  reviewed,  the  information  is 
summarized  under  four  categories:  constitutive  modeling  and  experiments,  static  analysis  and 
design,  dynamic  behavior,  and  analytical  and  numerical  modeling  of  reinforced  soil. 

A.  CONSTITUTIVE  MODELING  AND  EXPERIMENTS 

One  of  the  first  examinations  of  the  equivalent  elastic  properties  of  an  "apparently 
homogeneous"  reinforced  soil  medium  was  undertaken  by  Westergaafd(1938).  He  asarmed  tEat  a 
soft  soil  medium  was  reinforced  by  many  thin  horizontal  layers  of  unstretchabb  sheets. 
Salamon(1968)  related  the  elastic  properties  of  the  equivalent  homogeneous  material  to  those  of 
its  separate  isotropic  layers.  Thus,  the  equivalent  material  is  "cross-anisotropic"  with  a  vertical 
axis  of  symmetiy.  Harrison  and  Gerrard(1972)  studied  the  variation  of  the  equivalent  material 
properties  due  to  limiting  conditions,  using  Salamon’s  equations.  They  founJ  that,  for  the 
Westergaard  material,  three  of  the  five  cross-anisotropic  parameters  are  independent,  and  that,  for 
the  general  material,  four  are  independent.  For  both  materials,  the  Poisson's  ratio  of  the 
reinforcement  has  limited  influence  in  determining  the  equivalent  properties  and  the  stress- 
deformation  response  of  the  materials.  Gcrrard(1982)  later  derived  the  elastic  properties  of  an 
equivalent  homogeneous  material  representing  a  soil  mass  reinforced  by  a  series  of  parallel, 
equally  spaced  sheets  in  a  single  set  or  in  two  or  three  orthogonal  sets. 

Yang(1972)  conducted  triaxial  tests  to  investigate  the  deformation  and  strength  characteristics 
of  sand  reinforced  with  fiberglass  nets.  The  results  showed  that  the  deformation  modulus  of 
reinforced  sand  was  higher  than  that  of  the  unreinforced  sand,  and  that  the  strength  of  the 
reinforced  sand  could  increase  by  several  hundred  percent,  so  that  the  applied  deviator  stress 
cannot  fail  the  specimen  without  causing  tensile  failure  in  the  reinforcement  or  crushing  of  the  soil 
grains,  Haliburton,  et  al.(1978)  tested  27  commercially  available  gcotextiles  for  tensile  strength, 
creep  behavior,  soil-fabric  frictional  resistance,  and  the  effects  of  immersion  and  water  absorption 
on  the  developed  tensile  strength.  Tumay,  ct  al,(1979)  conducted  dry  sand  model  retaining  wall 


3 


tests  to  compare  the  performance  of  metal  and  non-woven  fiber  fabric  reinforcement.  Ha 
concluded  that  fiber  fabric  has  advantages  over  metal  reinforcement.  Williams  and 
Houlihan(1987)  conducted  experiments  using  a  direct  shear  friction  device,  to  evaluate  the 
interface  friction  properties  between  seven  soils  and  five  geosynthetics.  The  results  showed  three 
primary  modes  of  failure:  sliding  between  the  soil  and  the  geosynthetic,  sliding  on  a  fiiilure  surface 
in  the  soil,  and  sliding  between  multiple  layers  of  geosynthetics.  All  the  tests  were  conducted  at  a 
constant  strain  rate,  which  was  varied  from  0.0001  to  0.01  in/min.  The  shear  stress  built  up 
slowly  until  a  peak  shear  stress  was  reached,  at  which  point  sliding  occurred  at  a  constant  rate  of 
strain  along  the  weakest  plane  in  the  system.  The  slow  stress  buildup  in  the  system  made  it 
possible  to  determine  the  peak  stress,  which  corresponded  to  the  static  coefficient  of  friction,  and 
the  residual  stress,  which  corresponded  to  the  dynamic  coefficient  of  friction.  The  results  of 
friction  analyses  showed  a  wide  range  of  variation  of  the  dynamic  coefficient  of  friction:  from  0.26 
between  a  sandy  soil  with  5%  clay  and  a  high-density  polyethylene,  to  0.99  between  a  Gulf  Coast 
clay  and  a  non-woven,  continuous  filament,  polyester  geotextile.  O'Rourke,  et  al.(1990) 
summarized  the  results  of  over  450  direct  shear  tests  on  sand-polymer  interfaces.  The  shear 
strength  characteristics  of  a  polymer  interface  can  be  conveniently  expressed  as  the  ratio  of  the 
interface  friction  angle  and  the  direct  shear  soil  friction  angle. 

Jewell,  et  al.(19S4)  identified  three  interaction  mechanisms  for  soil  and  grid  reinforcement. 
Theoretical  expressions  were  developed  to  describe  direct  sliding  resistance,  bearing  stress,  and 
reinforcement  bond  strength,  in  terms  of  soil  and  reinforcement  parameters. 

Wu(1991)  critically  studied  existing  test  methods  for  measuring  geotextile  load-extension 
properties  when  subjected  to  soil  confining  stress.  He  pointed  out  that,  under  most  conditions, 
geotextiles  deform  with  the  confining  soil,  without  inducing  soil-geotextile  interface  adhesion.  He 
also  proposed  a  new  test  method,  which  measures  the  confined  stiffness  and  strength  of  a 
geotextile  independently  of  the  reinforced-soii  test  specimen.  The  stiffness  and  strength  obtained 
from  this  method  are  conservative  if  interface  slippage  occurs. 

Ingold(1983)  conducted  undrained  triaxiaJ  tests  on  fully  or  partially  saturated  clay  with 
impermeable  reinforcement  and  on  saturated  clay  with  permeable  reinforcement.  Results  showed 
all  failures  were  bond  failures.  Ingotd  and  Miller(l983)  conducted  drained  triaxial  compression 
tests  on  reinforced  clay.  Their  radiographic  results  showed  that  strength  enhancement  is  due  to 
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radial  strain  constraint,  arising  from  shear  stresses  mobilized  on  the  soil-reinforcement  interface. 
A  theoretical  model  was  also  proposed  to  predict  this  behavior. 

Sawicki(1983)  developed  a  rigid  plastic  model  for  the  plastic  behavior  of  soil  unidirectionally 
reinforced  by  fibers.  The  soil  is  assumed  to  be  a  perfectly  plastic  Mohr-Coulomb  material.  When 
slippage  occin^  at  the  soil-reinforcement  interface,  the  reinforcement  is  assumed  to  serve  as  a 
rigid  constraint  to  inhibit  the  plastic  flow  of  soil.  Juran  and  Christopher^  1989)  conducted  model 
tests  to  study  the  behavior  and  failure  mechanisms  of  reinforced  soil  retaining  walls  using 
geotextiles  and  geogrids,  and  to  measure  the  mobilized  tension  forces  in  the  reinforcement. 

Palmeira  and  Milligan(1989)  identified  the  usual  factors  affecting  reinforced  soil  pull-out  test 
results.  These  include  the  influence  of  boundary  conditions,  the  frictional  characteristics  and 
proximity  of  the  shear  box  front  wall,  and  the  influence  of  scale.  Goodings  and 
Santamarina(1989)  conducted  1-g  centrifuge  model  tests  to  study  the  effects  of  foundation  soil 
and  retained  backfill  on  the  behavior  of  reinforced  soil  retaining  walls. 

B.  STATIC  ANALYSIS -AND  DESIGN 

Lee,  et  al.(1973)  discussed  the  failure  mechar  ism  of  reinforced  earth  retaining  walls.  It  was 
noted  that  both  the  soil  shear  strength  and  the  bond  strength  between  soil  and  reinforcing  are 
frictional  in  nature,  and  thos  directly  dependent  on  the  normal  effective  stress  distribution.  The 
reinforcing  must  be  strong  enough  to  prevent  tension  failure,  and  wide,  long,  and  rough  enough  to 
prevent  a  pull-out  failure.  Simple  analysis  and  design  procedures  were  proposed  for  constructing 
reinforced  earth  retaining  walls. 

Schlosser  and  Long(1974)  observed  that,  for  reinforced  earth  retaining  walls  under  gravity 
load,  the  points  of  maximum  tension  in  the  different  layers  of  reinforcement  lie  on  a  parabolic 
curve,  which  separates  the  reinforced  soil  into  an  active  zone  and  a  passive  zone.  Thus,  the  tie 
force  in  the  reinforcement  at  the  wall  is  only  a  small  fraction  of  the  maximum  reinforcement 
tension,  which  occurs  at  about  one-third  the  length  of  the  reinforcement  from  *he  wall.  They 
showed  that  the  interface  friction  is  directly  proportional  to  the  gradient  of  tension  per  urut  length 
of  reinforcement.  However,  the  shear  stress  is  greater  on  the  lower  face  of  the  reinforcement  than 
on  the  upper  face.  Methods  for  calculating  the  reinforcement  tie  force  arc  presented,  and  the 
predicted  values  were  in  close  agreement  with  test  data. 


5 


Chang  and  Forsyth(  1977a)  presented  field  data  on  the  behavior  of  the  first  reinforced  earth 
wall  built  in  the  United  States.  Design  equations  for  soil  reinforcement  and  face  units  were 
developed.  They  concluded  that  the  active  earth  pressure  should  be  used  to  calculate  the  stresses 
in  the  front  portion  of  the  reinforcement  and  iis  connection,  and  that  the  "at  rest"  earth  pressure 
should  be  used  for  the  middle  portion  of  the  reinforcement.  Chang  and  Forsyth(  1 977b)  compared 
the  field  soil  stresses  and  horizontal  movements  of  this  wall  v.ath  those  predicted  by  the  finite 
element  analysis  proposed  by  Romstad,  et  al.(1976). 

AJ-Hussaini  and  Perry(1978)  conducted  field  tests  on  a  retaining  wall  backfilled  with  sand  and 
reinforced  with  galvanized  steel  ties.  They  found  that  the  Ranldne  earth  pressure  theory  provides 
a  good  approximation  for  the  measured  lateral  pressure  when  the  wall  carries  no  surcharge  load. 
However,  the  curve  connecting  the  points  where  maximum  tensile  stresses  occurred  in  the 
reinforcing  ties  did  not  coincide  with  the  theoretical  Ranldne  failure  surface. 

Giroud,  et  al.(1981)  described  the  mechanism  of  geotextile  reinforcement  of  unpaved 
roadways,  and  developed  a  method  to  determine  the  required  thickness  of  an  aggregate  layer. 
Rowe(1984)  developed  a  numerical  technique  for  the  analysis  of  geotextile-reinforced 
embankments.  The  technique  considers  soil-reinforcement  interaction,  slip  at  the  soil-fabric 
interface,  and  plastic  failure  within  the  soil.  A  design  procedure  using  design  charts  was 
proposed. 

Juran  and  Chen(1989)  proposed  a  working  stress  design  method  for  reinforced  earth  walls, 
T,  based  on  the  fundamental  understanding  of  constitutive  behavior  of  soil  and  reinforcement,  and  of 

the  soil-reinforcement  interaction.  They  pointed  out  that  the  response  of  reinforced  soil  to 
loading  is  highly  dependent  upon  the  initial  state  of  stress  and  strain  in  the  soil.  deBuhan,  et 
al  (1989)  proposed  a  limit  state  design  method  for  reinforced  earth  walls,  treating  reinforced  earth 
as  an  anisotropic  and  homogeneous  material.  The  strength  criterion  used  was  of  an  anisotropic 
frictional  type. 

Juran,  et  al.(1990),  based  on  the  requirements  of  strain  compatibility  between  soil  and 
reinforcement,  proposed  a  new  design  method  for  geosynthetic-reinfcrced  earth  walls.  The  soil- 
reinforcement  load-transfer  model  used  in  this  analysis  incorporates  the  effects  of  soil  dilatancy 
and  reinforcement  extensibility  on  reinforcement  tension  and  the  probable  failure  surface  location  . 
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C.  DYNAMIC  BEHAVIOR 


Richaxdscn  and  Lee{1975)  developed  seismic  design  procedures  for  reinforced  earth  retaining 
walls,  based  on  small  scale  shake  table  tests.  Soil  reinforcement  interface  friction  data  under  static 
and  vibratory  loading  were  also  gven.  The  required  size  and  spacing  of  reinforcement  can  be 
determined  from  the  design  procedures.  Richardson,  et  al.(1977)  instrumented  a  20-foot  high 
reinforced  earth  wall,  subjected  to  low-strain-level  forced  vibration  using  mechanical  vibrators, 
and  to  high-strain-level  explosive  tests.  The  tie  force  distribution  in  the  soil  reinforcement  was 
presented.  The  reinforced  earth  structure  showed  nonlinear,  strain-dependent  stiffness  and 
damping  properties.  There  was  a  significant  decrease  in  the  first  mode  frequency  with  increasing 
dynamic  strain  excitation.  The  explosive  test  damping  values  approximate  the  upper  limit  of  the 
Seed-Idriss  curve(1970),  which  applies  only  to  material  hysteretic  damping. 

Segrestin  and  Bastick(1988)  used  seismic  test  data  of  reduced-  and  full-size  reinforced  soil 
retaining  walls  to  validate  dynamic  finite  element  analyses. 

D.  Af'IALYTICAL  AND  NUMERICAL  MODELING 

Romstad,  et  al.(1976)  incorporated  the  "equivalent  material"  concept  into  a  standard  finite- 
element  procedure  to  model  the  behavior  of  soil  with  extensible  strip  reinforcement.  Analysis 
results  showed  that  the  ratio  of  reinforcement  stiffness  to  soil  stiffness  has  a  significant  effect  on 
the  reinforcement  force.  Shen,  et  al.(1976)  conducted  a  finite-element  analysis  of  an  instrumented 
reinforced  earth  wall,  using  the  "equivalent  material"  approach,  and  proposed  design  procedures 
based  on  several  possible  modes  of  failure  for  determining  the  size,  spacing,  and  length  of 
reinforcing  strips. 

Andrawes,  et  al.(1980)  developed  a  finite-element  model  to  study  the  behavior  of  a  model 
embankment  reinforced  with  tension-resistant  inclusions.  Nonlinear,  stress-dependent  models  are 
used  to  represent  the  stress-strain  relations  of  soil  and  inclusions,  as  well  as  to  represent  the  shear 
stress-deformation  characteristics  at  the  soil-inclusion  interface.  The  analysis  results  were 
compared  against  test  data. 

Leshchinsky  and  Reinschmidt(1985)  used  a  limit  state  equilibrium  condition  to  obtain  a  closed- 
form  solution  for  the  stability  of  membrane-reinforced  embankment  slopes.  Leshchinsky  and 
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Boedeker(1989)  developed  a  stability  analysis  approach  for  geosynthetic-reinforced  earth 
structures  over  firm  foundations.  Both  internal  and  external  stability  conditions  were  included. 

Drake,  et  al.(1987,1989)  developed  a  simplified  "Structure  Medium  Interaction"  (SMI)  model 
to  predict  ground  shock  loads  on  buried  structures.  Analytical  solutions  for  the  particle 
displacement  and  interface  stress  are  given.  This  model,  however,  considers  an  extended  medium, 
and  therefore  does  not  accommodate  the  merging  of  reflected  shocks.  Furthermore,  a  velocity 
boundary  condition,  rather  than  a  stress  boundary  condition,  was  imposed  on  the  model. 

Juran,  et  al. (1988a,  1988b)  developed  a  model  for  load-transfer  in  reinforced  soils.  The 
model  assumes  elasto-plastic  strain-hardening  soil  and  elastic-perfectly  plastic  reinforcement.  The 
effects  of  soil  dilatancy,  reinforcement  extensibility,  and  reinforcement  inclination  with  respect  to 
the  failure  surface,  on  the  reinforcement  tension  were  evaluated. 

Yogendrakumar,  et  al.(1992)  evaluated  and  compared  two  finite-element  methods  for  the 
dynamic  response  analysis  of  reinforced-soil  retaining  wall  structures.  The  analysis  results  were 
compared  against  the  wall  response  under  blast  loading  reported  by  Richardson,  et  al.(1977). 
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SECTION  m 


DESIGN  REQUIREMENTS 


A.  CONHOURATION 

The  design  shall  focus  on  bermed,  aboveground  shelters,  including  those  with  balanced  cut 
and  fill.  The  geometry  of  the  shelter  structure  shall  be  box-shaped  for  rapid  construction  and 
repair  purposes. 

B.  PERFORMANCE  CRITERIA 

The  shelters  shall  be  rapidly  erectable  during  wartime.  However,  they  shall  be  readily 
convertible  to  permanent  structures  during  peacetime. 

The  design  shall  survive  a  single  attack  event  with  possible  local  failure.  Although  the  major 
fiinction  of  these  shelters  is  to  protect  aircraft  and  munitions,  the  shelter  shall  also  protect 
personnel  and  sensitive  equipment  whenever  applicable.  Shock  response  spectra  (SRS), 
commonly  employed  in  earthquake  engineering,  may  be  used  as  a  measure  of  merit  to  evaluate 
structural  performance,  and  to  assess  structural  damage  and  hazards  to  equipment  and  personnel. 

C.  DESIGN  LOADS 

The  design  threat  shall  be  a  500-pound,  general-purpose  (GP)  bomb  detonated  at  a  standoff 
of  10  feet  from  an  interior  wall.  Airblast  load  due  to  a  surface  burst,  as  well  as  ground  shock  due 
to  a  detonation  within  the  berm  shall  be  considered  for  shelter  design.  The  "worst  case"  blast 
effects  from  the  given  threat  shall  be  used  as  design  loads. 

f 

D.  SOIL  BACKFILL 

Cohesionless,  granular  materials,  such  as  sand,  should  be  used  for  soil  backfill.  The  backfill 
shall  be  free  draining,  or  have  provisions  for  free  drainage.  Furthermore,  it  is  assumed  there  will 
be  no  blast-induced  excess  pore  water  pressure  in  the  backfill.  Both  the  soil  shear  strength  and 
the  bond  strength  between  soil  and  reinforcing  elements  are  frictional  in  nature,  and  thus  depend 
on  the  normal  stress  distribution  between  the  soil  and  reiribrcing  layers.  On  the  other  hand,  it  is 
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desirable  to  allow  slippage  between  reinforcing  and  soil  to  relieve  stress  concentrations  at  panel 
connections.  Therefore,  the  normal  stress  distribution  shall  be  optimized  to  accomodate  these 
effects.  Additional  normal  stress  can  be  achieved  by  building  a  soil  surcharge  on  top  of 
reinforcing  layers. 

E.  SOEL  REINFORCING 

Soil  reinforcing  elements  are  generally  strips,  bars,  sheets,  or  nets,  which  interact  with  the  soil 
by  means  of  frictional  resistance.  The  fundamental  function  of  soil  reinforcing  is  to  restrict  tensile 
strain  in  the  soil  parallel  to  the  reinforcing.  The  soil  reinforcing  shall  have  a  high  tensile  modulus 
to  limit  or  reduce  large  soil  displacement,  and  high  tensile  strength  to  develop  full  soil  frictional 
strength  without  reinforcement  rupture. 

Reinforcing  elements  in  the  form  of  meshes,  available  as  geogrids,  shall  be  used  to  restrict 
tensile  strain  in  the  soil  parallel  to  the  geogrids.  In  addition,  the  reinforcing,  and  panel/connector 
system  shall  be  designed  to  distribute  high  local  loads  to  more  than  one  wall  panel. 

F.  WALL  PANELS 

The  wall  panels  shall  be  designed  to  minimize  interior  shock  response,  and  to  prevent  panel 
failure.  These  panels  may  be  constructed  with  lightweight  concrete  reinforced  with  wire  mesh. 

The  connections  of  soil  reinforcing  to  wall  panels  shall  be  designed  to  have  adequate  tensile 
strength,  while  the  interconnections  between  panels  shall  be  designed  to  have  adequate  shear  and 
flexural  strength. 

G.  AMBIENT  ENVIRONMENTAL  CONDITIONS 

Most  construction  materials  are  subject  to  a  number  of  diverse  service  environmental 
conditions.  Often  such  environments  impair  a  material's  usefulness  by  degrading  its  mechanical 
properties. 

Polymeric  soil  reinforcing  can  experience  physical  property  degradation  due  to  temperature 
fluctuations,  underground  moisture,  chemicals,  and  radiation  exposure. 

Metallic  parts  and  connectors  used  in  the  wall  panel/soil  reinforcing  system  are  subject  to 
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corrosion  in  a  moist  environment.  It  is  essential  to  provide  free  drainage  in  the  reinforced  soil 
backfill,  to  prevent  soil  saturation  due  to  rain.  Furthermore,  reinforced  soil  shelters  shall  be  built 
^ve  the  water  table. 

These  protective  shelters  shall  have  a  design  service  life  of  15  years.  The  adverse  effects  of 
ambient  temperature  fluctuations,  soil  moisture,  and  other  environmental  factors,  shall  be 
considered  in  the  design. 

H.  OPERATIONAL  REQUIREMENTS 

Reinforced  soil  shelter  construction  will  be  accomplished  using  existing  Air  Force  personnel 
and  equipment.  Only  ordinary  equipment,  such  as  front-end  loaders,  bulldozers,  and  dump  trucks, 
is  required.  This  technology  can  be  implemented  with  current  construction  practice.  However, 
some  on-site  training  might  be  needed  for  troop  labor. 

I.  LOGISTIC  CONSTRAINTS 

A  number  of  materials  have  been  commonly  used  for  modular  wall  panel  construction.  These 
include  plastics,  fabrics,  lightweight  steel,  and  precast  concrete;  among  these  precast  concrete 
panels  are  the  most  widely  used.  A  typical  panel  is  about  5  feet-5  inches  wide  and  5  feet  high, 
weighing  about  2,500  pounds.  Geogrids  are  available  world-wide,  and  are  shipped  in  rolls. 

These  panels  could  be  either  cast  in  place  on  the  site  or  delivered  via  ground  transportation. 
Airlift  is  not  considered  as  the  most  desirable  transport  method. 

J.  CONSTRUCTIBILITY  CRITERIA 

The  construction  technique  and  structural  components  employed  in  the  reinforced  soil  airbase 
protective  shelter  concept  pormit  rapid  deployment,  and  require  no  specialized  construction 
facilities  or  skills.  The  construction  can  be  carried  out  by  troop  labor  and  local  workers. 

A  number  of  construction  guidelines  have  been  published  since  the  introduction  of  geogrids 
and  geotextiles  in  pavement  and  embankment  construction.  These  include  the  United  States 
Federal  Highway  Administration  (FHWA)  design  guidelines  (Christopher  1990),  and  the  United 
States  Army  Corps  of  Engineers  Technical  Manual  TM  5-818-8.  These  guidelines  should  be  used 
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to  ensure  intemaJ  as  well  as  cxlcnial  stability  of  reinforced  earth  berm  shehers  under  gravity  and 
seismic  loads.  The  guidelines  proposed  in  this  study  are  additional  requirements  intended  for 
designing  shelters  to  survive  conventional  weapon  effects. 
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SECTION  IV 

ANALYTICAL  MODELING  OF  PANEL  CONNECl  ION  SYSTEM 


A.  ONE-DIMENSIONAL  MATHEMATICAL  MODEL 


As  shown  in  Figure  1,  a  typical  wall  can  be  constructed  with  interlocking  modular  panels  or 
blocks  connected  to  the  soil  reinforcement.  The  soil  reinforcement  is  assumed  to  be  layers  of 
geogrid  running  parallel  to  the  direction  of  wave  propagation.  Figure  2  shows  a  wall  panel  with  a 
layer  of  reinforced  soil  attached  to  it.  It  is  assumed  in  this  model  that  the  soil  and  geogrid 
undergo  the  same  lon^tudinal  strain,  and  that  the  soil  and  wall  pane!  stay  bonded  at  the  interface. 
Furthermore,  the  shear  and  bending  resistance  from  connections  between  the  panels  has  been  left 
out  to  simplify  the  analysis. 


The  clastic  behavior  of  sheet-reinforced  soil  can  be  modeled  as  that  of  a  composite  material. 
Jones(1975)  showed  that  the  "macromechanical*  behavior  of  a  composite  material  can  be 
described  in  terms  of  the  mechanical  properties  of  its  constituents  and  their  volume  ratios  in  the 
composite  construction.  Harrison  and  Gerrard  (1572)  treated  reinforced  soil  as  a  cross- 
anisotropic  (or  transversely  isotropic)  material  consisting  of  layers  of  stiff  and  soft  isotropic 
materials  with  a  vertical  axis  of  symmetry.  If  the  reinforcement  volume  ratio  in  a  reinforced  soil 
is  denoted  as  V^,  the  apparent  constrained  modulus  of  the  reinforced  soil  in  the  x-direction,  is 


(l+v,)(l-2v,)^^  ^P'^(l+Vg)(l-2Vg)^^*^ 


^  ) 


Ej  Vj 


(l+v,)(l-2v,)  (Hv.)(l-2v.) 


£'j(l-v,) 


£■«(!-  V  ) 

( )  +  7 - —  ( 1  -  K, ) 


{l+v,)(l-2v,)  «  (i+v^)(l-2v^) 


(I) 
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Interlocking  Modular  Wall  Panels  and  Blocks 


where  and  Eg,  and  and  Vg  are,  respectively,  the  Young’s  moduli  and  Poisson’s  ratios  of  the 
soil  and  reinforcement. 


Governing  equation  The  ID  wave  equation  for  the  particle  displacement,  u(x,t),  in  a 
homogeneous  medium  is 


where  c,  the  wave  propagation  velocity  of  reinforced  soil,  is  given  by 


(2) 


and  Pq  is  the  mass  density  of  the  reinforced  soil. 


Boundary  conditions  At  x  =  0,  the  shock  wave  front,  having  an  initial  particle  velocity,  Vq, 
arrives  at  time  t  =  0  and  decays  exponentially,  so  that 

1^(0,/)  =  v^exp(-a/)  (t>0)  (4) 

where  a  is  the  decay  rate.  The  shock  front  pressure,  Po>  is  the  product  of  the  soil  impedance,  pc, 
and  the  initial  particle  velocity,  Vg. 

At  X  =»  R,  the  equation  of  motion  of  the  wall  panel  is 


M 


dt 


2  ~  "O^hh  Tg 


(5) 


where  M  is  the  wall  panel  mass,  h  is  the  panel  height,  b  is  the  panel  width,  and  Tg  is  the  geogrid 
tension  at  the  wall-soil  interface.  Casting  this  gcogrid  tension  in  terms  of  the  interface 
di.splacemcnt.  Equation  (5)  becomes 


where 


=  0 


(6) 


_ M _ 

KJih  f 


(7) 
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and  Kg  is  the  soil  constrained  modulus,  and  Eg  and  Ag  are  the  Young's  modulus  and  cross- 
sectional  area  of  the  gecgrid,  respectively. 


Initial  conditions  The  wall  panel/reinforced  soii  system  is  at  rest  before  the  shock  front  arrives, 
and  thus  the  iniiial  conditions  are; 


u(;c,0)  =  0 

(O^x^R) 

(8) 

^(j:,0)  =  0 

(O^x^R) 

(9) 

Solution  Equation  (2),  together  with  the  boundary  and  initial  conditions,  was  solved  by  the 
Laplace  transform  method.  Taking  the  Laplace  transform  of  Equations  (2),  (4),  and  (6)  yields  the 
transformed  wave  equation 


(10) 


and  the  transformed  boundary  conditions 


Vq 

j(i  +  a) 


dU{R,s) 

dx 


(11) 

(12) 


where  s  ii  i  complex  variable,  and  x  is  held  fixed  throughout  the  transformation.  The  solution  of 
Equatioiis(10)-(12)  is 


U(x,s) 

where 


and 


s(5  +  a) 


cosh  9 


(  sinh  p  +  tuc  X  cosh  p 
cosh  p  +  fisc  X  sinh  p 


sinh  9 

/ 


(13) 


(14) 
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e= 


sx 


(15) 


The  particle  displac<  .lent,  u(x,t),  was  obtained  by  taking  the  inverse  transform  of  Equation 
(13),  for  which  purpose  Equation  (13)  is  rewritten  in  the  form  of 


U(x,s)  = 


s(s  +  a) 


V 


i+n  ) 


where 


r}  = 


f  l-/isc 
l  +  /iyc 


Because  T  <  1, 


and 


Uix,s)  = 


s(s  +  a) 


y=o 


,0  _(g9_e-«)  £(-!>/ V 

;=o 


(16) 


(17) 


(18) 


(19) 


Keeping  only  the  first  three  tenns  of  the  infinite  series  yields  the  solution  for  u(x,t)  in  the  form 


1 


(20) 


where,  using  the  variables, 


t\  =  t  — 
c 


/2  =  1  /  +  -  i-2r 

c 


(21) 

(22) 
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,3=(,-f)-2r 

(23) 

M=(,^f)-4r 

(24) 

,5=(,-i)-4r 

(25) 

T  =  — 
c 

(26) 

m  =  fxac 

(27) 

p  =  m  +  1 

(28) 

q  =  m-\ 

(29) 

1 

r=— 

PLC 

(30) 

the  terms  on  the  right  hand  side  of  Equation  (20)  take  the  form 

t/l  =  0 

(tl<0) 

II 

e"®'*)  (tl>0) 

(31) 

m2^0 

(t2<0) 

II 

(t2>0) 

(32) 

u3  =  0 

(t3<0) 

aq\. 

(l_g-«/3)_2^(l_g-Yf3)j  (t3>0) 

(33) 

c 

II 

o 

( t4  <  0  ) 
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m5  =  0 


— +  +  y  (t4>0)  (34) 

CUJ 

(t5<0) 

=  (l  - e~“ -  Am^[\  - 4m^[l  -  (l  +  y  •  /5)e"''^'^]}  ( t5  >  0 )  (35) 

CUJ 

The  expressions  for  longitudinal  normal  stress,  particle  velocity,  and  particle  acceleration  can 
be  readily  derived  from  Equation  (20).  Although  higher  order  terms  could  be  added  to  the 
solution,  the  transient  response  of  the  reinforced  soil  system  due  to  shock  loading  will  have  been 
damped  out  before  they  become  effective.  The  model  treats  reinforced  soil  as  a  linearly  elastic, 
homogeneous  medium,  and  as  such  cannot  model  the  hysteretic  compaction  or  other  plastic 
behavior  of  soil  under  stress  wave  propagation. 

For  the  parameters  given  in  Table  1,  the  wave  propagation  speed  of  the  reinforced  soil  was 
computed  to  be  1780  fps.  The  displacement,  velocity  and  acceleradon  time-histories  of  the  wall 
panel  are  shown  in  Figures  3  to  5,  respectively.  The  time-history  of  the  interface  stress  between 
the  soil  and  the  wall  panel  is  shown  in  Figure  6. 

B.  DYNA2D  FINITE  ELEMENT  MODELS 

DYNA2D,  a  public  domain  program  developed  by  the  Methods  Development  Group  of  the 
Lawrence  Livermore  National  Laboratory  (LLNL),  is  a  nonlinear,  explicit,  finite  element  code  for 
analyzing  the  transient  dynamic  response  of  two-dimensional  structures.  The  only  element 
formulation  available  in  DyNA2D  is  a  four-node  continuum  element  that  handles  geom.etric  as 
well  as  material  nonlinearitites.  Many  material  models  are  available  to  represent  various  material 
behavior,  including  elasticity,  plasticity,  composites,  thermal  effects  and  rate  dependence.  A 
diverse  equation  of  state  library  allows  accurate  modeling  of  the  hydrodynamic  behavior  of  many 
materials,  including  propellants  and  high  explosives.  DYNA2D  has  a  sophiisticated  contact 
interface  capability,  including  frictional  sliding,  tie  interfaces  and  single  surface  contact,  to  handle 
arbitrary  mechanical  interactions  between  independent  bodies  or  between  two  portions  of  one 
body.  In  addition,  DYNA2D  contains  a  rezoner  to  allow  nodes  to  be  repositioned  and  a  new 
mesh  to  be  generated  when  the  finite  element  mesh  becomes  excessively  distorted  during  a 
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TABLE  1.  MODEL  PARAMETERS  FOR  THE  ID  ANALYSIS 


Youn)?'s  Modulus  of  Soil 

37,000  psi 

Poisson's  Ratio  of  Soil 

0.35 

Dry  Unit  Weight  of  Soil 

llOpcf 

Geogrid  Modulus 

29,000  ksi 

Poisson's  Ratio  of  Geoi?rid 

0.3 

Volume  Ratio  of  Geoerid 

0.05% 

Pressure  at  Shock  Front 

670  psi 

Ground  Shock  Decav  Rate 

300  sec'* 

Standoff  Distance 

120  in. 

Weight  of  Wall  Panel 

2430  pounds 

calculatioa.  These  features  make  DYNA2D  particularly  suitable  for  the  transient  response 
analysis  of  shelter  wails  with  reinforced  soil  backfill  under  ground  shock. 

The  reinforced  soil  ammunition  magazine  recently  tested  in  Israel  (Raudanski,  et  al.  1990, 
Reid  1990)  was  selected  for  DYNA2D  finite-element  simulation.  The  configuration  and  overaJl 
dimensions  of  this  structure  are  shown  in  Figure  7(Reid  1991).  The  walls  were  built  with 
cruiciform  panels  whose  construction  detail  and  dimensions  are  shown  in  Figure  8.  These 
patented  panels  were  made  of  concrete  with  compressive  strength  of  5000  psi  and  stacked  on 
edge  with  a  tongue-and-groovc  type  of  connection.  Each  panel  was  reinforced  with  four 
galvanized  steel  strips  in  two  layers.  The  strips  were  approximately  2  inches  wide  and  0.25  inches 
thick.  The  embedment  length  of  these  strips  in  the  backfill  was  13  feel. 

A  plane  strain  DYNA2D  model  of  one  side  wail  (Wall  A)  of  the  test  magazine  was 
constructed  to  study  the  dynamic  response  of  the  wall  under  the  ground  shock  due  to  a  500- 
pound  GP  bomb  detonated  at  a  standoff  of  13.6  feet  from  the  wall  and  at  its  midheight.  As  shown 
in  Figure  9,  the  reinforced  backfill  as  well  as  the  wall  was  included  in  the  finite  clement  mesh.  The 
soil  backfill  was  assumed  to  be  silty  gravel  having  a  unit  weight  of  1 12  pefi  a  shear  modulus  of 
670  ksi,  and  a  bulk  unloading  modulus  of  4200  ksi.  Figure  10  shows  the  pressure  versus 
volumetric  strain  curve  for  the  soil's  beha’rior.  It  was  assumed  that  soil  cannot  carry  tensile 
stresses.  Figure  1 1  shows  the  relationship  of  soil  yield  stress  with  respect  to  pressure  up  to  1000 
psi.  It  is  of  a  Mohr-Coulomb  frictional  type,  which  is  normally  used  for  granular  soils.  The 
tongue-and-groove  connections  between  the  panels,  and  the  strip-soil  interfaces  were  modeled 
With  frictional  slidelines.  The  wall  was  simply  supported  at  the  top  and  the  bottom,  such  that  the 
top  and  bottom  panels  were  free  to  rotate  toward  the  inside  of  the  shelter.  The  vertical 
displacement  of  the  base  was  also  constrained. 

The  geostatic  stress  distribution  in  the  reinforced  soil  due  to  gravity  was  created  by  using  the 
"dynamic  relaxation"  technique.  This  was  achieved  by  simply  applying  the  gravity  loads  slowly, 
and  integrating  the  equations  of  dynamics  until  all  significant  transients  had  died  out.  Then  the 
radial  particle  velocity  profile  due  to  the  detonation  of  the  bomb  was  imposed  on  the  mesh  at  the 
bomb  boundary  surface.  The  particle  velocity  profile  was  obtained  using  the  hydrodynamic  code 
SABER-PC  (Zimmerman  1991),  which  is  described  in  detail  in  Section  V  of  this  report.  As 
shown  in  Figure  12,  the  middle  panel  was  pushed  out  by  the  ground  shock  at  about  20  ms  after 
detonation.  This  failure  mechanism  was  observed  on  the  '/ideo  taped  during  the  full-scale  test. 


Concrete  Wall  Panel  (a)  Dimensions  (b)  Soil  Reinforcing  Strip 
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Figure  9.  DYNA2D  Finite-Element  Mesh  of  Test  Reinforced  Earth  Shelter 


Yield  Surface 


(  or  Failure  Surface  ) 


Figure  11.  Soil  Yield  Surface 
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Figure  1 2.  Deformation  of  Reinforced  Earth  20  ms  After  Detonation 


r 


Thus,  the  finite  element  model  closely  simulated  the  dynamic  behavior  of  the  wall  in  the  full-scale 
test.  The  model  predicted  that  the  maximum  soil-panel  interface  stress  was  710  psi  and  the 
maximum  wall  panel  displacement  was  7  inches.  The  time-histories  of  these  parameters  are 
shown  in  Figures  13  and  14,  respectively. 
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Figure  1 3 .  Time-history  of  Interface  Stress  at  Mid-height  of  Wall 


Figure  1 4.  Displacement  Time-history  of  Middle  Wall  Panel 


SECTION  V 


PARAMETRIC  STUDIES 

A.  GROUND  SHOCK  PREDICTIONS 

Given  a  weapon  yield  and  standoff,  along  with  soil  properties,  the  ground  shock  parameters 
can  be  estimated  by  using  protective  construction  design  manuals,  such  as  Air  Force  Design 
Manual  (ESL-TR-87-57)  and  the  Department  of  Energy  Desigrk  Manual  (DOE/TIC-1 1268),  or  by 
running  more  comprehensive  hydrodynamic  codes.  Most  design  manual  procedures  for  ground 
shock  prediction  are  based  on  empirical  fits  of  field  test  data.  Due  to  the  scatter  of  data  and  the 
lack  of  a  theoretical  basis,  ground  shock  predictions  by  design  manual  procedures  are  generally 
unreliable.  Windham  et  al.(1991)  compared  hydrocode  and  design  manual  predictions  against 
measurements  of  ground  shock  produced  by  shaliow-buried  MK83  bombs,  and  showed  that 
current  design  manual  procedures  are  inadequate.  On  the  other  hand,  the  hydrocode  prediction 
based  on  in-situ  soil  backfill  properties  compared  very  well  with  measured  data. 

The  fi-ee-field  stress  and  ground  motion  due  to  the  design  threat  specified  in  Section  HI  are 
predicted  by  using  the  hydrocode  SABER-PC  as  well  as  design  manual  procedures.  These 
predictions  are  then  compared  in  Table  2. 

The  net  explosive  weight  of  a  500-pound  GP  bomb  is  equivalent  to  242  pounds  of  TNT.  The 
backfill  material,  selected  from  SABER-PC's  soil  model  library,  is  a  dense,  dry  sand  having  a  dry 
unit  weight  of  105  pcf,  solids  specific  gravity  of  2.67,  4  percent  water  content  at  18.3  percent 
saturation,  and  30  percent  of  air-voids  content.  The  porosity  of  this  sand  is  0.369  and  the  bulk 
unit  weight  is  109.5  pcf  The  subsurface  detonation  is  assumed  to  be  fully-contained.  This  means 
that  the  depth  of  burial  of  the  weapon  is  sufficiently  large  that  relief  waves  fi'om  the  fi'ee  surface 
will  not  significantly  alter  the  subsurface  stress  waves. 

SABER-PC  is  a  one-dimensional,  spherically  symmetric,  large  strain,  explicit  finite  element 
hydrocode.  Common  explosives  and  many  predefined  soil  models  are  available  for  use  in  a 
ground  shock  calculation.  Profiles  of  the  velocity  and  stress  waves  due  to  242  pounds  of  TNT 
detonating  in  dry  sand  are  shown  in  Figures  15  and  16,  respectively.  The  peak  velocity  and  stress 
attenuation  with  range  are  shown  in  Figures  17  and  18.  The  attenuation  curves  fall  off  more 
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Stress  (  Mra  ) 


242  lb  TNT  in  Dry  Sand 


Figure  18. 


rapidly  in  the  region  near  the  explosion  than  in  the  region  ftirther  away  from  the  explosion.  Time- 
histories  of  the  free-field  radial  ground  displacement,  particle  velocity  and  normal  stress  produced 
by  the  detonation  at  a  standoff  of  10  feel  are  shown  in  Figures  19,  20  and  21,  respectively. 

The  Air  Force  Protective  Construction  Design  Manual  provides  the  following  equations  for 
predicting  free-field  stresses  and  ground  motions  from  a  bomb  detonating  on  or  within  burster 
layers,  or  in  the  soil  near  a  structure: 


where  is  the  peak  pre.ssure  in  psi,  /is  the  coupling  factor  for  near-surface  detonations;  is 
the  loading  wave  velocity  in  fps,  c  is  the  seismic  velocity  in  fps,  R  is  the  distance  to  the  explosion 
in  feel;  W  is  the  charge  weight  in  pounds  of  C-4,  is  the  peak  particle  velocity  in  fps;  is  the 
peak  acceleration  in  g's;  is  the  peak  displacement  in  feet,  is  the  peak  impulse  in  !b-sec/in  , 
is  the  mass  density  of  soil  in  Ib-scc^/ft*^  =  y/g;  and  n  is  the  .attenuation  coefficient. 

Typical  soil  properties  are  given  in  the  Air  Force  Design  Manual  For  the  dry  sand  under 
consideration,  the  seismic  velocity  c  =  1600  fps,  and  the  attenuation  coefficient  n  ~  2  ,5,  The 
equivalent  charge  factor  for  converting  TNT  to  C-4  is  0  73.  Thus  the  charge  weight  W  ^  242  X 
0  73  =  177  pounds  of  C-4.  The  ground  shock  coupling  factor  /  is  1.0  for  a  fully-contained 
explosion,  and  the  peak  particle  velocity  is  computed  as: 
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Free-field  Radial  Displacement 

(  Range  =  10  feet ) 


Figure  19.  Frcc-Ficld  Soil  Radial  Displacement 
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Free -field  Particle  Velocity 

(  Range  =  10  feet ) 


Time  (  mSec. ) 


Figtu’e  20.  Frce-Field  Soil  Particle  Velocity 
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Free -field  Radial  Stress 


(  Range  =  10  feet ) 


Figure  21.  Frec-Ficld  Soil  Radial  Stress 
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where,  using  consistent  units,  X  is  the  ntaximum  radial  soil  displacement;  U  is  the  peak  radial  soil 
particle  velocity;  is  the  atmospheric  pressure;  R  is  the  standoff  distance  from  the  explosive;  E 
is  the  explosive  energy  release;  is  the  mass  density  of  the  soil  or  rock;  and  Cp  is  the  seismic  P- 
wave  velocity  in  the  soil  or  n^k. 

Westine  and  Friesenhahn  (1982)  proposed  an  empirical  equation  for  predicting  free-field 
ground  shock  pressure  from  the  detonation  of  a  buried  ordnance; 
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71/3 
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(38) 


where  P  is  the  maximum  pressure;  p  is  the  soil’s  mass  density;  c  is  the  speed  of  sound  in  the  soil; 
d  is  the  depth  of  burial  of  the  weapon's  center  of  gravity  (C.G.);  Y  is  the  depth  of  the  point  of 
interest  below  the  weapon's  C.G.;  E  is  the  weapon's  energy  release;  and  is  the  effective  slant 
range  which  accounts  for  weapon  geometry  and  orientation.  The  effective  standoff  distance,  R^^ 
is  the  distance  at  which  a  point  explosive  charge  of  the  same  weight  will  yield  the  same  peak  free- 
field  pressure  as  the  weapon  at  some  angle.  This  effective  range  is  given  by 
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(39) 


N  =  jcos  0+^yJsm  6 

where  Z  is  the  distance  from  the  weapon  C.G.  to  a  vertical  plane  containing  the  point  of  interest; 
X  and  Y  are  the  horizontal  and  vertical  coordinates,  measured  in  that  vertical  plane,  from  the 
point  of  interest  to  the  point  nearest  the  weapon  C.G.;  /  is  the  weapon  length;  and  Q  is  the  weapon 
axis  vertical  inclination  (0=0°  corresponds  to  a  vertical  weapon  axis). 

The  energy  release  per  unit  weight  of  TNT  is  1.51x10^  ft -lb lib.  For  the  case  under 
consideration,  £  =  1.51x10^x242  =  3.65x10*  ft-lb-,Rgff  =  10/ecr;p=  109/32,2  =  3.385 

Ib  Sec^  /  ft  ,  c  =  1600  ft>s-,  Y  =  0;  and  </  =  8  feet.  The  maximum  radial  ground  displacement 
and  particle  velocity  are  computed  to  be  9.6  inches,  and  42.5  ftjs,  respectively,  using  Equations 
(36)  and  (37).  The  peak  free-field  ground  shock  pressure  is  calculated  to  be  105  psi  using 
Equation  (38). 

Empirical  fits  were  also  made  by  Drake  et  al.(19S9)  to  peak  ground  motion  and  stress  data 
obtained  from  contained  high  explosive  (HE)  detonations  in  soil  and  to  results  of  finite  difference 
calculations  in  various  soil  and  rock  geologies.  The  resulting  expressions  are 


(40) 
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Here  W  is  the  contained  yield  of  the  weapon  xxikgof  TNT',  is  the  peak  particle  velocity  in  m/s'. 
Op  is  the  peak  radial  acceleration  in  g's',  dp  is  the  peak  displacement  in  meters',  is  the  peak 
stress  in  Pa,  r  is  the  radial  distance  from  the  explosion  in  meters:,  g  is  gravitational  acceleration 
(9.8  m/^y,  n  is  the  peak  velocity  attenuation  exponent;  j  is  an  equation  of  state  factor  (  »  1, 5  for 
geologic  media);  and  t^  is  the  rise  time  in  sec. 

For  the  case  under  consideration,  r  =  3.048  meters,  and  W  =  \09.S  kg  of  TNT.  Therefore, 
r  >  0A55-W  .  The  in-situ  soil  density  is  =  1750  kg/m^,  which  is  equivalent  to  a  unit 

weight  of  109  pcf.  For  this  dense,  dry  sand,  the  initial  loading  wavespeed  is  c^  =  520  m/s,  the 
seismic  wavespeed  is  =  550  m/s,  and  the  velocity  attenuation  exponent  is  w  =  2.1.  The  peak 
particle  velocity  is  computed  using  Equations  (43)  and  (46): 
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9906  f  3.048 


^  Vl750U.155x  109.8*^^; 

Applying  Equation  (47),  the  loading  wavespeed  is 

c^  =  520+1.5x12.2  =  538  m/s. 
Applying  Equation  (48),  the  rise  time  of  the  shock  wave  is 


12.2  m/s 


1^550 
1 538 


-Oi 


048 


550 


=  1.24x10"^ 


sec 


Applying  Equation  (42),  the  peak  ground  acceleration  is 

2x12.2 


9.8x1. 24x10" 


=  20079  g 


Applying  Equation  (44),  the  peak  ground  displacement  is 


dr,= 


3.31 


f  3.048  "i  ^ 


550 


U09.8 


1/3 


r> 


109.8*^^  =0.07  m 


Applying  Equation  (45),  the  peak  stress  is 


=  1750  X  538  X 12. 2  =  1 1. 49  X 10^  Pa 


CONWEP,  a  computer  program  '-ased  on  the  Army  Protective  Design  Manual  (TM  5-855-1), 
was  also  used  to  predict  the  crjund  shock  parameters  for  comparison.  These  results  are 
summarized  in  Table  2. 


B.  SAP90™  FINITE  ELEMENT  PROGRAM 

A  series  of  computer  programs  for  structural  analysis  has  been  developed  by  Professor 
Edward  L.  Wilson  and  co-workers  at  the  University  of  California,  Berkeley,  over  the  past  twenty- 
five  years.  The  name  SAP,  standing  for  Structural  Analysis  Package,  was  coined  in  1970  with  the 
release  of  the  first  SAP  program  for  mainframe  computers.  In  the  years  that  followed,  further 
research  and  development  in  the  area  of  finite  element  formulation  and  numerical  solution 
techniques  resulted  in  the  release  of  SOLEDSAP,  SAP3  and  SAP  IV.  Since  the  release  of  SAP 
IV,  major  advances  have  occurred  in  the  fields  of  numerical  analysis,  structural  mechanics  and 
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computer  technology.  These  advances  led  to  the  release  of  SAP80,  the  first  microcomputer 
version  of  SAP,  and  to  the  release  of  SAP90™. 

SAP90™  has  static  and  dynamic  analysis  options.  The  finite  element  library  consists  of  four 
elements:  a  three-dimensional  firame  element,  a  shell  element,  a  two-dimensional  solid  element  and 
a  three-dimensional  solid  element.  The  two-dimensional  frame,  truss,  membrane,  plate  bending, 
axisymmetric  and  plane  strain  elements  are  available  as  degenerated  elements.  A  boundaiy 
element,  in  the  form  of  spring  supports,  is  also  mcluded.  All  material  behaviors  are  linearly 
elastic.  Dynamic  loading  can  be  in  the  form  of  a  base  acceleration  response  spectrum,  or  time- 
varying  loads  and  base  accelerations. 

C.  GEOMETRIC  EFFECTS  OF  WALL  PANEL  CONFIGURATIONS 

Three-dimensional  finite-element  analyses  using  SAP90™  have  been  conducted  to  study  the 
effects  on  the  structural  behavior  of  the  panel  connection  system  due  to  different  panel 
configurations.  In  this  study,  the  only  attribute  varied  was  the  panel  geometry. 

A  15.7  feet  wide  by  13.5  feet  tall  segment  of  a  retaining  wall,  made  with  interlocking  modular 
panels  commonly  used  in  highway  construction,  was  selected  for  comparative  studies.  The 
patented  rectangular  panel  used  in  the  full-scale  reinforced  soil  bunker  test  (Reid  1991)  was 
selected  as  the  baseline  configuration.  The  construction  detail  and  dimensions  of  this  panel  were 
previously  shown  in  Figure  8.  Hexagonal  panels  having  the  same  facial  area,  and  rectangular 
blocks  staggered  in  a  masonry  construction  configuration  were  also  included  in  the  studies.  These 
configurations  were  previously  illustrated  in  Figure  1 . 

The  wall  segment  was  assumed  to  be  simply  supported  at  the  top  and  bottom,  and  the  edge 
effects  due  to  its  finite  width  were  ignored.  The  modular  wall  panels  and  blocks  were  assumed  to 
be  7  in.  thick,  and  made  of  reinforced  concrete  having  a  unit  weight  of  1 50  pcf  Each  panel  or 
block  was  modeled  with  shell  elements  having  membrane  as  well  as  bending  stiffness.  The  panels 
were  pinned  together  at  certain  boundary  nodes  where  shear  connectors  were  located.  Boundary 
elements  in  the  form  of  spring  supports  were  used  to  model  the  soil  reinforcement,  which  was 
kept  the  same  in  all  cases.  Figures  22  to  24  show  the  finite  element  meshes  of  these  panel 
configurations,  where  the  dots  denote  locations  of  soil  reinforcement.  The  soil  reinforcement  was 
assumed  to  have  a  spring  constant  of  500  Ib/irt  and  all  the  structural  systems  were  assumed  to 
have  5%  critical  damping. 
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Figure  24.  SAP90  Finiie  Element  Mesh  of  Masonry  Wall  Configuration 


The  transient  dynamic  structural  responses  of  these  configurations  under  the  ground  shock 
loading  due  to  the  specified  threat  were  obtained  for  a  duration  of  200  ms.  The  ground  shock  was 
modeled  as  time-varying  pressure  loading  on  the  panels.  Both  the  spatial  and  temporal  variations 
of  the  pressure  distribution  were  considered.  The  point  of  detonation  was  assumed  to  be  at 
midheight  of  the  wall  segrr.ent,  at  a  standoff  of  10  feet  from  the  wall.  The  shock  front  had  a  peak 
pressure  of  813  psi,  arriving  at  3.9  ms  and  decaying  to  495  psi  when  it  reached  the  edges  of  the 
wall  at  5.6  ms.  These  ground  shock  parameters  were  obtained  using  SABER-PC  and  then 
adjusted  for  the  presence  of  soil  reinforcement. 

Since  only  the  peak  response  parameters  of  these  structural  systems  are  of  concern,  the 
analyses  were  carried  out  for  a  short  duration.  It  was  assumed  that  the  panels  stayed  in  contact 
with  the  soil  during  the  loading  phase,  and  that  the  peak  response  occurred  shortly  after  the  panels 
became  separated  from  the  soil.  Figures  25  to  33  display  the  displacement,  velocity  and 
acceleration  time  histories  for  the  rectangular  panel,  hexagonal  panel  and  masonry  block 
configurations,  respectively.  Figures  34  to  36  display  the  deformed  shapes  of  these 
configurations.  A  .summary  of  the  geometric  effects  of  these  connection  systems  on  the  peak 
response  parameters  is  given  in  Table  3. 

Rectangular  blocks  arranged  in  a  masonry  wall  configuration  can  significantly  reduce  the  joint 
forces  and  moments,  and  consequently  enhance  the  survivability  of  the  wall  Further  analyses  of  a 
16  feet  wide  by  16  feet  tall  retaining  wall  segment  were  conducted  to  determine  the  optimum 
aspect  ratio  and  thickness  of  the  blocks  in  order  to  minimize  the  shear  and  moment  at  the 
connection  points.  The  aspect  ratio  (height  to  width)  of  the  blocks  was  varied  at  1:1,  1:2  and  1:3. 
The  thickness  of  the  blocks  was  varied  from  3  inches  to  12  inches  in  increments  of  I  inch.  All 
other  paramett-.  '}  were  kept  unchanged  The  blocks  were  assumed  to  be  4-foot  wide,  pin- 
connccted  at  th ;  joints  along  each  course  or  horizontal  layer.  Each  block  had  two  vertical 
reinforcing  bars  running  through  horizontal  layers  to  provide  shear  and  moment  resistance.  These 
reinforcing  bars  were  assumed  to  be  placed  at  the  quarter  points  so  that  they  were  spaced  at  2- 
foot  intervals 

Figures  37  and  38  illustrate  the  influence  on  the  peak  shear  and  moment  at  critical  pane! 
connection  points  due  to  variations  of  the  panel  aspect  ratio  and  thickness.  Figure  37  clearly 
shows  that  the  optimum  panel  should  have  an  aspect  ratio  of  1:2  and  a  thicirncs.s  of  8  inches  to 
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Figure  25.  Displacement  Time-history  at  the  Center  of  Rectangular  Wall  Configuration 
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Figure  26.  Velocity  Time-history  at  the  Center  ofRcctangular  Wall  Configuration 


Figure  27.  Acceleration  Time-histoty  at  the  Center  of  Rectangular  Wall  Configuration 
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Figure  28.  Displacement  Time-history  at  the  Center  of  Hexagonal  Wall  Configuration 
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29.  Velocity  Time-history  at  the  Center  of  Hexagonal  Wall  Configuration 
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Figure  30.  Acceleration  Time-history  at  the  Center  of  Hexagonal  Wall  Configuration 


Figure  3 1  Displacement  Time-history  at  the  Center  of  Masonry  Wall  Configuration 
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Figure  32.  Velocity  Time-history  at  the  Center  of  Masoiuy  Wall  Configuratic*; 


Figure  33.  Acceleration  Time-history  at  the  Center  of  Masonry  Wall  Configuration 


TABLE  3.  COMPARISON  OF  EFFECTS  DUE  TO  DIFFERENT  PANEL 
CONFIGURATIONS 


Panel  Geometry 

Parameters 

Rectangular 

Hexagonal 

Masonry  Blocks 

Peak  Panel 
Displacement 
(in.) 

13.64 

17.62 

12.06 

Peak  Panel 

Velocity 

(fps) 

96.33 

87.92 

86.75 

Peak  Panel 
Acceleration 
(g) 

594. 

369, 

627. 

Peak  Joint 

Force 

(kips) 

4940. 

4510. 

383. 

Peak  Moment 
(ft-kips) 

2442. 

5333. 

1533. 

Peak  Panel 

Force 

(in-plane  stretching; 
(Ibs/in.) 

91.4 

128. 

249. 

Peak  Panel 

Moment 

(out-of-plane  bending 
and  twisting) 
(ft-kips/in.) 

187.5 

685.8 

257.5 
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minimize  the  peak  joint  force  and  moment.  The  maximum  panel  displacement,  velocity  and 
acceleration  of  that  configuration  were  predicted  to  be  13  inches,  83  fps  and  370  g,  respectively. 
Figures  39  to  41  show  the  influence  on  the  maximum  panel  displacement,  velocity  and 
acceleration  due  to  variations  of  panel's  aspect  ratio  and  thickness.  A  summary  of  the  geometric 
effects  of  aspect  ratio  and  panel  thickness  on  the  peak  response  r  arameters  of  a  masonry  wall 
configuration  with  4-foot  wide  and  8-inch  thick  blocks  is  given  i:  Table  4.  It  may  be  concluded 
from  Table  3  that,  among  the  geometries  of  wall  panel,  rectangular  panels  or  blocks  arranged  in  a 
masonry  wail  configuration  would  minimize  the  shear  and  moment  at  panel  connections.  In 
addition,  it  may  be  concluded  from  Table  4  that,  rectangular  panels  or  blocks,  4-foot  wide,  2-foot 
high  and  8-inch  thick,  are  the  most  effective  and  practical  configuration  to  minimize  the  shear  and 
moment  at  panel  connections. 
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Effects  Due  to  Aspect  Rotio  ond  Panel  Thickness 


Figure  40.  Effects  on  the  Maximum  Wall  Panel  Velocity  Due  to  Variation  of  Aspect  Ratio  and  Panel  Thidcness 


TABLE  4.  COMPARISON  OF  EFFECTS  DUE  TO  PA^L  ASPECT 
RATIOS 

(BLOCKS  ARE  4-FOOT  WIDE  AND  8-INCH  THICK) 


Parameters 

Peak  Panel 
Displacement 
(in.) 

Peak  Panel 
Velocity 
(fps) 

Peak  Panel 
Acceleration 
(g) 

Peak  Joint 
Force 
(kips) 

Peak  Moment 
(ft-kips) 

Peak  Panel 
Force 

(in-pIane  stretching) 
(Ibs/in.) 

Peak  Panel 
Moment 

(out-of-plane  bending 
and  twisting) 
(ft-kips/in.) 


Aspect  Ratio 


1  to  1  1  to  2  1  to  3 

11.55  13.09  14.14 

81.9  83.4  84.2 

393.  370.  436. 

590.  495.  529. 

2125.  2083.  2092. 

199.  299.  399. 

346.  344.  362. 
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SECTION  VI 


DESIGN  PROCEDURES 


A.  DESIGN  CONSIDERATIONS 

Crawford,  Higgins  and  Bultmann  stated,  in  the  1974  version  of  the  Air  Force  Design  Manual, 
that  the  normal  stress  acting  across  the  interface  between  soil  and  a  buried  structure  due  to 
ground  shock  can  be  expressed  as 

<T/(/)  =  a^(/)±pcAF(/)  (49) 

where  o^(t)  is  the  stress  acting  on  the  structure  surface  perpendicular  to  the  direction  of  incident 
wave  propagation,  O^t)  is  the  free-field  incident  stress  produced  by  the  explosion,  Ar(t)  is  the 
velocity  differential  between  the  ffee-field  particle  velocity  at  the  location  of  structure  surface  and 
the  velocity  of  the  structure  at  the  same  point,  and  pc  is  the  soil  acoustic  impedance.  The  sign  of 
the  second  term  in  Equation  (49)  is  taken  positive  for  incident  faces  and  negative  for  reactive 
faces. 

Drake  and  Rochefort(i987)  showed  that  Equation  (49)  is  actually  a  statement  of  continuity 
for  both  stress  and  displacement  at  the  interface  between  the  soil  and  structure,  and  the  interface 
stress  is 

• 

aj=^aff+pcLiVff-u) 

^iGff-pciu  (50) 

where  p  is  the  mass  density  and  c^  the  loading  wave  velocity  of  the  soil,  is  the  free-field 

particle  velocity  associated  with  ,  and  u  is  the  velocity  of  the  structure.  They  also  derived  the 
equation  of  motion  for  a  single-degree-of-freedom(SDOF)  structural  system,  and  presented 
solutions  for  perfectly  plastic  and  elastoplastic  structural  responses. 

The  one-dimensional  (ID)  mathematical  model,  described  in  detail  in  Section  IV,  is  more 
general,  and  accommodates  Equation  (50)  as  a  special  case  because  the  ID  model  accounts  for 
superposition  of  incident  and  reflected  waves  propagating  between  the  explosion  point  and  the 
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interface.  The  ID  model  gives  the  same  interface  stress  as  that  given  by  Equation  (50),  provided 
the  wall  panel  stays  in  contact  with  the  soil,  and  the  soil  medium  is  semi-infinite.  Although  the  ID 
model  is  more  rigorous  theoretically,  it  gains  little  advantage  over  Drake’s  model,  since  in  reality 
stress  waves  decay  rapidly  with  distance.  Therefore,  Drake's  model  has  been  adopted  as  the  basis 
for  guidelines  and  procedures  for  the  design  of  modular  wall  panel  and  soil  reinforcement 
connection  systems. 

Figure  42  shows  the  free-body  diagram  of  a  wall  panel,  typically  attached  to  two  layers  of 
geogrid  in  a  backfill.  Also  shown  in  Figure  42  are  vertical  reinforcing  bars  running  through  the 
wall  panel  *0  guide  alignment  of  panels  and  to  serve  as  shear  connectors  between  panels.  The 
interface  pressure  o,  produced  by  the  explosion  is  balanced  by  the  inertia  force  of  the  wall  panel, 
the  tension  developed  in  the  soil  reinforcement,  T^,  and  the  shear  forces  developed  in  the 
reinforcing  bars,  F^.  Note  that  the  confined  stiffness  or  "pull-out  resistance"  of  the  geogrid 
should  be  used  in  the  design  calculations.  Figure  43  shows  different  characteristics  of  the 
confined  versus  unconfined  stiffnesses  of  CONWED  Stratagrid™  9027(Farrag  et  al.  1991).  The 
higher  confined  stiffness  can  be  attributed  to  the  composite  action  of  geogrid  with  the  surrounding 
soil. 


Based  on  the  free-body  diagram,  the  equation  of  motion  can  be  written  as 

(p^Lbh)  u  + K(u)u  =  Cfbh  (51) 

where  is  the  mass  density  of  the  wall  panel,  b,  h,  and  L  are,  respectively,  the  width,  height,  and 
thickness  of  the  wall  panel,  and  u(t)  is  the  horizontal  displacement  of  the  panel,  /^(u)  is  the 
combined  stiffness  of  the  reinforced  soil  and  shear  connectors,  which  is  generally  a  function  of  the 
wall  panel  displacement.  Dividing  both  sides  of  Equation  (51)  by  bh  and  combining  it  with 
Equation  (50)  yields 

••  • 

PsLu  +  f)CiU+R{u)  =  2ajj  (52) 


where  R(u)  is  the  total  structural  resistance  per  unit  area  of  wall  pamel,  equal  to 


K{u)u 

bh 


Equation  (52)  is  in  the  same  form  as  the  equation  of  motion  of  a  damped  SDOF  system,  except 
that  the  "damping"  term  results  from  imposing  continuity  of  stress  and  displacement  at  the 
interface  and  not  from  viscous  material  damping.  It  is  sometimes  called  radiation  damping.  It  is 
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CONWED  Stratagrid^^  Characteristic 


essential  to  realize  that  the  wall  pane!  may  become  separated  from  the  soil  when  the  deceleration 
of  the  panel  caused  by  the  structural  resistance  is  less  than  the  deceleration  of  the  incident  pulse. 
In  this  case,  the  interface  stress  in  Equation  (50)  becomes  zero,  giving  rise  to  a  free  vibration  of 
the  structural  system,  and  Equation  (52)  reduces  to 

•  • 

p,Lu+R{u)  =  Q  (53) 

The  free-field  norma!  stress  in  the  soil,  ,  due  to  a  given  fully-contained,  buried  explosion  at 
a  certain  standoff  can  be  approximated  by  an  exponentially  decaying  wave,  such  as 

Off  =  OqB  " 

where  cs^  is  the  peak  compressive  normal  stress  and  a  is  the  normal  stress  decay  rate.  The  Air 
Force  Protective  Construction  Design  Manual(Drake  et  al.  1989)  contains  formulas  for 
computing  these  parameters  for  ground  shocks  propagating  through  homogeneous  soil  media. 

The  presence  of  geogrids  in  soil  may  significantly  alter  the  soil's  original  mechanical 
properties.  As  discussed  p-.eviously  in  Seciion  IV,  the  mechanical  properties  of  the  reinforced  soil 
can  be  expressed  in  terms  of  those  of  tlie  soil  and  the  geogrid,  and  the  volume  ratio  of  geogrid  in 
the  reinforced  soil,  defined  as 

where  is  the  net  cross-sectional  area  of  geogrids  attached  to  the  wall  panel.  Based  on  the 
composite  material  assumption,  the  constrained  modulus  of  the  reinforced  soil  was  shown  to  be 


(UV,)(1-2V,) 


(1-F^)+ 


(l+Vg)il-2Vg) 


..  l(l+v,)(l-2v,)  (l-fv^)(l-2v,) 

. . (1-^) 

(l+v,yi  2v,)^  (l+Vg)(l-2v^)^ 


(1  bis) 


where  and  Eg,  and  and  \g,  are,  respectively,  the  Young's  moduli  and  Poisjon's  ratios  of  the 
soil  and  the  geogrid,  and  the  mass  density  of  the  reinforced  soil  can  be  expressed  as 

Po^p{^-Vg)^PgVg  (56) 

where  is  the  mass  density  of  the  geogrid.  Therefore,  the  loading  wave  velocity  r  f  the 
reinforced  soil,  approximated  by  its  seismic  velocity,  is 


(57) 


The  attenuation  rate  with  range  of  the  peak  ground  shock  stress  is  controlled  by  irreversible 
crushing  of  the  void  volume  within  a  soil  matrix  by  the  passage  of  the  stress  wave.  The  Air  Force 
Protective  Construction  Design  Manual  (Drake  et  al.  1989)  gives  an  estimate  for  this  attenuation 
rate  with  range,  n,  in  terms  of  the  irreversible  volumetric  compaction  behind  the  wave  front,  e^: 


n  = 


2-1-£o 

1-e^ 


(  for  most  soils,  0  <  £„  <  0. 3) 


(58) 


Since  the  irreversible  compaction  of  soil  would  be  reduced  by  the  soil  reinforcement,  the 
attenuation  rate  with  range  would  also  be  reduced  and  approach  a  Ihniting  value  of  2.  These 
modified  parameters  for  reinforced  soil  should  be  used  to  determine  the  peak  normal  stress 
and  the  decay  rate  a. 


The  structural  resistance  function  R(u)  may  be  modeled  as  linearly  elastic,  elastoplastic, 
perfectly  plastic  or  by  some  other  appropriate  model.  In  any  event,  the  governing  equation  of 
motion,  along  with  the  associated  interface  stress  expression  can  be  solved  numerically. 
However,  the  high  strain  rate  of  a  structural  system  under  a  strong  incident  shock  would  produce 
perfectly  plastic  response,  if  the  system  were  designed  to  be  ductile.  Furthermore,  Drake  and 
Rochefort  (1987)  presented  a  closed  form  solution  for  perfectly  plastic  structural  response.  This 
solution  is  briefly  summarized  herein; 

The  equation  of  motion.  Equation  (52),  for  perfectly  plastic  response  with  R(u)^R^^ ,  becomes 


w  +  T]u  =  -^(2c7oe 

PsL 


(59) 


where 
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(60) 


The  velocity  of  the  wall  panel  is 

=  (61) 

PsL  T]-a  pcL 

the  displacement  of  the  wall  pane!  is 

«(/)  =  l^(l  +  _^e-^^ - +  (62) 

apci  T]-a  r]-a  pcii] 

and  the  interface  stress  is 

ai0)  =  2aj^e-^'  (63) 

Tj-a  rj-a 


Equations  (61)  through  (63)  are  valid  as  long  as  the  soil  an'^  the  wall  panel  remain  in  contact. 
When  the  wall  panel  separates  from  the  soil,  the  interface  stress  becomes  zero  and  Equation  (53) 
becomes  effective  and  has  to  be  solved  numencally.  If  the  wall  panel  stays  in  contact  with  soil, 
the  connection  system  is  termed  "compression-controlled".  If  the  wall  panel  separates  from  the 
soil,  the  connection  system  is  termed  "tension-controlled".  Figure  4-^  shows  the  relationship 
between  the  ratio  7] /a  and  the  ratio  CTq  / /^xiax'  which  can  be  used  to  determine  whether 
separation  will  occur. 


The  free-field  soil  displacement  under  the  stress  wave  prescribed  by  Equation  (54)  is 

=  (64) 

apCL 

The  maximum  wall  panel  displacement,  a  compression-controlled  system  is  less  than 

twice  the  peak  free-field  soil  displacement.  As  can  be  deduced  from  Equation  (62),  tliis 
corresponds  to  the  limiting  case  of  a  free  soil  boundary  where  ^^nax  ^  T]— »«>. 

However,  a  large  wall  panel  displacement  may  occur  for  a  tension  controlled  system.  Figure  45 
shows  a  nonnalized  displacement  envelope  in  terms  of  har  both  compression-  and 

tension-controlled  systems. 
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INTERFACE  STRESS 

(Perfectly  plastic  stnictural  response) 


Peak  incident  stress/Maximum  resistance  per  unit  area, 


Figure  44.  Prediction  of  Tensile  or  Compressive  Interface  Stress 


Maximum  wall  displacement/Peak  free-field  displacement 


WALL  PANEL  DISPLACEMENT 

(Perfectly  plastic  structural  response) 


Peak  incident  stress/Maximum  resistance  per  unit  area, 


Figure  45.  Ratio  of  Maximum  Wall  Displacement  to  Maximum 
Free-field  Soil  Displacement 
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B.  L  IMIT  ANALYSIS  OF  STRUCTURAL  RESISTANCE 


For  perfectly  plastic  structural  response,  the  maxinium  resistance  per  unit  area  of  wall  panel 
(or  unit  resistance),  R^ax »  maximum  unit  resistance  of  the  reinforced  soil  and 

that  of  the  shear  connectors.  However,  the  resistance  of  the  reinforced  soil  may  become 
mefifective  if  sufficient  embedment  length  is  not  provided  to  develop  the  required  tensile  force  in 
the  reinforcement.  As  illustrated  in  Figure  46(a),  the  interface  pressure  produced  by  the  explosion 
is  carried  by  both  the  pull-out  resistance  of  soil  reinforcement  and  the  resistance  of  shear 
connectors;  whereas  in  Figure  46(b),  the  interface  pressure  has  to  be  carried  entirely  by  the  shear 
connectors.  The  maximum  pull-out  resistance  of  the  reinforced  soil  is  dictated  by  the  following 
three  modes  of  failure: 

•  soil  shear  failure  in  a  zone  away  from  the  geogrid; 

•  tensile  rupture  in  the  geogrid;  and 

•  bond  failure  between  soil  and  geogrid. 

The  smallest  value  of  these  resistances  is  the  maximum  pull-out  resistance  of  the  reinforced  soil. 

Jewell  et  al.(1985)  have  identified  two  bond  strength  interaction  mechanisms  between  soil  and 
geogrid:  skin  fiiction  on  the  plane  surface  area  of  the  geogrid,  and  bearing  on  reinforcement 
surfaces  normal  to  the  direction  of  relative  movement  between  the  soil  and  the  geogrid.  The  two 
effects  are  additive.  In  order  to  quantify  the  bond  strength,  the  dimensions  of  a  geogrid  are 
shown  in  Figure  47.  The  width,  length  and  thickness  of  a  grid  are  denoted  by  b,  f,  and  d, 

respectively.  Discounting  the  aperture  areas  in  a  grid,  the  solid  plane  surface  area  of  the  grid,  A^. , 
can  be  expressed  as 

Ar  =  1/^/  (65) 

where  V(s  'S  the  solidity  ratio.  Similarly,  the  cross-sectional  area  available  for  bearing  can  be 
expressed  as 

4  =  ^bbd  (66) 

where  is  the  bearing  area  ratio.  The  clear  spacing  between  the  members  on  which  soil  bearing 
may  occur  is  denoted  by  S. 

The  shear  stress  due  to  .skin  friction  depends  upon  the  angle  of  skin  friction,  5,  and  the 
effective  normal  stress  between  the  soil  and  the  geogrid,  cr^.  The  ratio  of  skin  fHction  to  soil 
friction,  5/({»,  for  sands  and  silts  acting  on  smooth  metallic  or  concrete  surfaces  is  typically  in  the 
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(a)  Explosion  within  Reinforced  Soil 
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Figure  46.  Explosion  in  a  Reinforced  Soil  Berra 


range  of  0.5  to  0.8.  The  eflFective  normal  stress  can  be  calculated  from  self-weight  and  external 
loadings.  Therefore,  the  shearing  resistance  in  double  shear  is 

^shear  ~  2(  O),  tan  5  (67) 


Jewell  et  al.(1985)  proposed  that  the  bearing  members  of  a  grid  be  modeled  as  a  line  of 
anchors  at  a  spacing  of  S.  Based  on  the  results  of  an  extensive  investigation  of  horizontally 
loaded  anchor  plates  by  Rowe  and  Davis(1982),  Jewell  devised  bounds  for  the  effective  bearing 
stress,  in  terms  of  the  effective  normal  stress,  and  the  soil  friction  angle,  The  lower 
bound  was  derived  from  a  punching  shear  failure  mode  of  deep  footings  in  soil. 


(f-l) 


and  the  upper  bound  is  the  conventional  bearing  stress  for  a  footing. 


(f'l) 


It  was  shown  that  data  from  many  pullout  tests  of  grids  and  anchor  plates  are  closely  bounded  by 
Equations  (68)  and  (69). 

Summing  up  the  resistance  from  ail  bearing  members,  the  total  resistance  can  be  expressed  as 


hearing  ~  5^ 


ObiWbbd) 


It  is  desirable  to  express  the  b<  id  strength  of  a  geogrid  in  terms  of  its  gross  surface  area  and  the 
friction  angle  of  the  soil.  Using  Equations  (67)  and  (70),  the  bond  strength  can  be  expressed  as 

hand  ~  hhear  hearing 

^fbond^i'^bl)0„\m'p  (71) 


where  the  coefficient  of  bond  is 


/bond  ~  Vs 


Vh 

2i2n(p 


Soil  particle  size  is  likely  to  affect  the  bond  strength  for  a  geogrid.  However,  there  is  no  test 
data  for  the  influence  of  soil  particle  size  on  the  bond  strength  of  a  grid.  Jewell  et  a].(1985)  stated 
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that,  as  long  as  the  minimum  aperture  width  of  the  grid  is  at  least  three  times  the  average  soil 
particle  size.  Equations  (71)  and  (72)  should  provide  a  reasonably  conservative  value  for  design. 
They  also  suggested  that  the  ratio  of  bearing  spacing  to  grid  thickness,  Sid,  be  in  the  range  of  10 
to  20  in  order  to  develop  full  bearing  capacity. 

C.  DESIGN  EXAMPLE 

Given: 

A  bermed,  aboveground  shelter  has  an  internal  space  50-foot  long,  22-foot  wide  and 
16-foot  high.  The  berm  is  to  be  built  around  three  sides  of  the  shelter  with  1  ;3 
slopes.  The  retaining  walls  are  to  be  built  with  precast  concrete  panels  connected 
to  geosynthetic  grids  in  the  soil  backfill.  Soil  backfill  is  dry  sand  with  the  following 
properties: 

Dry  unit  weight  =105  pcf 
Seismic  velocity  =  1600  fps 

A  weapon  having  a  net  explosive  weight  of  242  pounds  of  TNT  is  assumed  to  be 
detonated  at  a  distance  of  10  feet  from  a  side  wall,  at  a  depth  of  burial  of  8  feet 
in  a  berm. 

Required: 

Design  a  reinforced  soil  system,  using  wall  panels  with  geogrids  and  shear  connectors, 
to  survive  the  given  threat.  Assume  the  failure  criterion  for  the  connection  system  is 
12  inches  of  wall  panel  displacement. 

Design  procedures: 

Extensive  three-dimensional  (3D)  finite  element  analyses  using  SAP90™  have  been 
conducted  to  study  the  geometric  effects  of  different  wall  panel  configurations  on  the  structural 
behavior  of  the  connection  system.  Rectangular  and  hexagonal  wall  panels  commonly  used  in 
highway  construction,  and  a  "masonry  wall"  type  of  construction  were  studied  in  detail.  A  wall 
segment,  16-foot  high  by  16-foot  wide,  built  with  different  wall  panel  configurations  but  with  the 
same  soil  reinforcement  was  employed  for  the  parametric  studies.  The  results  of  these  parametric 
studies  were  summarized  in  Section  V.  It  was  concluded  that  using  4-foot  wide,  2-foot  high,  8- 
inch  thick  wall  panels  or  blocks,  arranged  in  a  masonry  wall  configuration,  would  minimize  the 
joint  forces  and  consequently  maximize  the  survivability  of  the  wall. 


Due  to  the  high  strain  rate  from  a  ground  shock,  an  ideal  geogrid  should  posses  high  tensile 
modulus,  high  tensile  and  impact  strength,  but  most  importantly,  high  ductility.  Most 
commercially  available  geogrids  are  made  of  either  high-densit^  polyethylene  (HDPE)  or 
polypropylene  (PP).  Some  mechanical  properties  of  several  polymers  at  room  temperature  are 
given  in  Table  5. 

McGown  et  al.(1985)  conducted  constant  strain  rate  tests  to  determine  the  load-strain-time 
behavior  of  TENSAR™  geogrids.  The  influence  of  temperature  on  the  strength  parameters  of 
these  geogrids  was  also  evaluated.  Based  on  the  test  data,  TENSAR™  SR2  was  chosen  for  this 
design  example.  Some  dimensional  terminology  for  this  geogrid  is  shown  in  Figure  48  with 
numerical  values  given  in  Table  6.  In  field  practice,  the  geogrids  are  rolled  in  a  direction  parallel 
to  the  ribs.  The  bars  provide  the  anchorage  when  the  geogrid  is  placed  in  the  backfill. 

Using  the  above  information,  a  step-by-step  design  methodology  is  illustrated  herein; 

Step  1,  Determine  the  volume  ratio  of  geogrid  in  the  reinforced  soil. 

The  dimensions  of  wall  panels  are:  6  =  4  feet,  h  -2  feet  and  L  =  %  inches.  There  are  44 
ribs  per  meter  along  the  width  of  geogrids.  If  each  pane!  is  connected  to  two  layers  of  geogrids, 
the  net  cross-sectional  area  of  the  geogrids  per  panel,  considering  only  the  ribs,  is 


(5.72x1.34)  (  4A  1 

A=2x- - =-^x  - X 30.48x4 

^  (25.4)'  1 100  j 

=  1.27  in.^ 

The  volume  ratio  of  geogrids  in  the  reinforced  soil  is 


4x2x(12r 


=  0.0011  =  0.11% 


Step  2.  Determine  the  peak  value  Cq  and  the  decay  rate  a  of  the  free-fieid  normal  stress  in  the 
reinforced  soil  due  to  the  given  explosion. 


Since  the  soil  is  very  lightly  reinforced,  the  mass  density  and  the  loading  wave  velocity  of  the 
soil  are  not  affected  by  the  presence  of  the  geogrids.  Using  Equation  (V-7)  in  Section  V  of  the 
1989  version  of  the  Air  Force  Protective  Construction  Design  Manual: 


TABLE  5.  ROOM  TEMPERATURE  MECHANICAL  PROPERTIES  OF  SOME  COMMON  POLYMERS 


RIB 


c  1600  -1 

(Xm  —  =z - =  160  sec. 

R  10 

g  32.2  ft^ 

(242)(0.73)  =  177  pounds  of  C-/ (from  Table  V-2  of  the  Air  Force  Deagn  Manual ) 


The  ground  shock  coupling  factor  /  =  1  for 


=  1.42  The 


attenuation  coefficient  n  is  estimated  to  be  2.3,  The  particle  velocity  is  computed  according  to 
Equation  (V-1 1), 


K,=/xl60x[^]''  =  Ixl60x(^ 


=  42  Jps 


For  sand,  /fc  =  1,  and  from  Table  V-1  of  the  Air  Force  Design  Manual,  5=3.  The  loading  wave 
velocity  of  the  reinforced  soil  is  computed  according  to  Equation  (V-9), 

Ci  =  ifcc  +  5K^  =  1x1600  +  3x42  =  1726  fps 

and  the  peak  free-field  normal  stress  is  computed  according  to  Equation  (V-10), 


r/  /■  160  f  7? 


,  160  (  10 

Ix3.26xl726x - x  - nr 

144  I  177'^-^ 


=  1 657  psi 


Step  3.  Conduct  limit  analyses  of  the  maximum  pull-out  resistance  of  reinforced  soil. 

Requirements  for  minimum  embedment  length  and  maximum  vertical  spacing  of  geogrid 
layers  have  been  developed  based  on  slope  stability  by  Christopher  et  al,  (1990)  and  Jewell 
(1990).  However,  a  simple  and  conservative  rule-of-thumb  is  that  the  minimum  embedment 
length  of  geogrid  layers  equals  the  wall  height,  so  £  =  16  feet  is  used  for  preliminary  design.  The 
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vertical  spacing  between  geogrid  layers  is  1  foot.  The  maximum  pull-out  resistance  is  the  smallest 
of  the  following  three  values: 


allure  in  soil 


There  are  two  planes  of  direct  shear  failure  associated  with  each  wall  panel,  extending  from 
the  wall  panel  surface  to  the  end  of  the  geogrid.  Assuming  the  critical  friction  angle  of  the  soil  to 
be  32.5°,  the  ultimate  shear  resistance  is 

Psoil -2xbl><0„tan(p=  2x4xl6x(105x8)xtan(32.5®)  =  68500  pounds 


McGown  et  al.(1985)  reported  that  at  a  temperature  of  20°C,  and  a  strain  rate  of  20%  per 
minute,  the  tensile  strength  of  SP2  is  84  kN/m  (5760  !b/ft).  Thus,  the  ultimate  tensile  strength  of 
the  two  geogrids  is 

7^  =  2  X  4  X  5760  =  46000  pounds 
SCcI  Bond  Failure  between  soil  and  geoerid 

In  order  to  use  Equations  (71)  and  (72)  to  determine  the  bond  strength  between  soil  and 
geogrids,  some  geometric  parameters  of  the  geogrids  need  to  be  determined  using  Table  6  and 
Figure  48.  The  bearing  spacing  between  the  bars,  S,  is  equal  to  the  aperture  length: 

S  =  90.73  mm 

and  the  ratio  of  bearing  spacing  to  average  bar  tWckness  is 


S  90.73 


=  20.34,  which  would  allow  full  development  of  the  geogrid's  bearing  capacity. 


d  4.46 

The  clear  spacing  between  the  ribs  can  be  computed  as 


1000-44x5.72 


17  mm 


The  unit  length  of  this  geogrid  is  90.73  +  12.69  =  103.42  mm,  and  the  solidity  ratio  of  the  geogrid 
can  be  determined  based  on  a  unit  length, 

,  44x17x90.73 

xif  =  1 - =  0.34 

^  1000x(12.69  +  90.73) 

Tne  bearing  ratio  is  determined  from  the  rib  clear  spacing  and  the  bar  thickness. 
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4.46x(44xl7) 

Iff  = - i - L  =  0.748 

*  4.46x1000 

The  ratio  of  the  geogrid  skin  friction  angle  to  the  soil  internal  fricition  angle  is  approximately 
0.6,  which  is  insensitive  to  soil  reinforcement  type  and  the  overburden  stress.  Using 
Equation  (68)  along  with  the  geometric  parameters,  the  coefficient  of  bond  given  by  Equation 
(72)  is 

^  1  f  0.748  ^ 

(tan32.5‘’J  20.34  Utan32.5V 

and  the  bond  strength  given  by  Equation  (71)  is 

=  0.39x(2x4xl6)x(105x8)xtan32.5"  =  26700  pouruls 
The  smallest  value  obtained  from  steps  3(a),  3(b)  and  3(c),  26700  pounds,  is  the  maximum  pull¬ 
out  resistance  of  the  reinforced  soil. 

Step  4.  Conduct  limit  analyses  of  the  maximum  resistance  of  shear  connectors. 

Vertical  steel  reinforcing  bars  should  run  continuously  from  floor  to  roof  through  the  wall 
panels.  These  reinforcing  bars  will  serve  as  guides  for  wall  panel  alignment  and  as  shear 
connectors.  The  ground  shock  pressure  on  a  wall  panel  would  be  resisted  by  the  "dowel  action" 
of  the  reinforcing  bars.  The  shear  forces  developed  in  the  reinforcing  bars  will  transmit  into 
bearing  pressure  in  the  concrete  wall  panel,  causing  tensile  and  shear  stresses  in  the  concrete  and 
subsequent  splitting  of  the  concrete  along  the  bars.  As  a  result,  the  maximum  resistance  of  the 
reinforcing  bars  is  the  smaller  of  the  following  two  modes  of  failure: 


If  each  wall  panel  is  reinforced  with  two  US  bars  having  a  minimum  yield  strength  of  40,000 
psi,  the  maximum  shear  resistance  can  be  estimated  using  the  "shear-friction"  concept  developed 
in  reinforced  concrete  design  (ACI  318-88): 


Fy  =  Ayj- fyji  =  (4  X  0.3 1)  X  40000  x  0.6  =  25800  pounds 
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403")  Failure  of  concrete  wall  panel 

Assuming  the  concrete  strength  is  ^  =  5000  psi,  the  dowel  force  which  would  cause  tearing 
in  the  concrete  along  the  reinforcing  bar  is 

Fj  =  2Lhv^  =  2x8x(2xl2)x(2x VSOOO)  =  54300  pounds 

where  ,  the  nominal  shear  strength  of  the  concrete,  is 

Therefore,  the  maximum  shear  resistance  of  the  reinforcing  bars  is  29800  pounds. 


Step  5.  Determine  the  maximum  wall  panel  displacement  due  to  the  given  threat 


The  maximum  wall  panel  displacement  due  to  the  given  explosion  can  be  easily  determined 
using  Figures  44  and  45  along  with  the  value  of  T]/  CX  and  /  /?niax-  ^  weight  of  the 

concrete  wall  panels  is  ‘/^=  145  pc/,  rj  is  computed  using  Equation  (60), 


pci  ^  105x(1726xl2) 
PsL  145x8 


=  1875  sec"^ 


and 


i!  =  i?25.,2 

a  160 

The  maximum  unit  resistance  of  the  wall  panel  and  geogrid  connection  system  is 


p  —  ^bond 

bh 


26700+29800 

(4xl2)x(2xl2) 


=  49  psi 


and 


Entering  Figure  44,  this  connection  system  design  is  located  in  the  tension-controlled  zone. 
This  means  that,  during  the  loading  phase,  the  soil  will  separate  from  the  wall  panel.  Using  Figure 
45,  the  ratio  of  maximum  wall  panel  displacement  to  the  peak  free-held  displacement  is  found  to 
be  approximately  3.8.  The  peak  free-field  displacement  is  determined  using  Equation  (64), 


Uff  = 


_ 1657 _ 

160x0.000157x(1726xl2) 


=  3.18  inches 
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and  the  maximum  wall  displacement  is  3. 8  X  3. 1 8  «  1 2  inches 


Since  the  maximum  wall  displacement  is  no  greater  than  the  12-inch  feilure  criterion,  the 
current  connection  system  design  is  acceptable.  Had  the  maximum  wall  displacement  exceeded 
12  inches,  the  design  would  have  been  altered  through  iterations  of  the  above  steps  until  the 
design  met  the  requirements. 

Step  6.  Design  against  breaching  of  reinforced  concrete 

Section  EX  of  the  1989  version  of  the  Air  Force  Protective  Design  Manual  provides  guidelines 
for  determining  structural  element  thickness  and  minimum  standoff  distance  to  prevent  localized 
breaching.  McVay(1988)  reported  that  breaching  is  likely  to  occur  when  the  scaled  range, 
R  /  is  less  than  1 .3  ft/lb where  R  is  the  standoff  in  feet  and  W  is  the  net  explosive  weight 
in  pounds  of  TNT.  The  scaled  range  of  this  design  example  is  1 .6  ftTlb'^. 

In  general,  the  concrete  wall  panels  are  reinforced  with  welded  wire  fabTic(WWF),  which  is 
also  called  "mesh,"  made  of  A82  steel  with  a  minimum  yield  strength  of  64000  psi.  These 
reinforcements  are  placed  in  the  concrete  parallel  to  the  reinforcing  bars  and  close  to  the  concrete 
surface.  For  close-in  and  contact  explosions,  fibrous  concrete  may  be  used  as  an  alternative. 
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CONCLUSIONS  AND  RECOMMENDATIONS 

A.  CONCLUSIONS 

Based  on  the  results  of  extensive  numerical  analyses,  a  step-by-step  procedure  has  been 
proposed  for  designing  a  reinforced  soil  and  modular  wall  panel  connection  system  to  withstand 
the  ground  shock  from  a  buried  explosion.  The  design  procedure  consists  of  six  major  steps:  ( I ) 
determine  the  geogrid  volume  ratio  in  the  reinforced  soil;  (2)  determine  the  peak  value  and  time 
decay  rate  of  the  free-field  normal  stress  in  the  reinforced  soil  due  to  a  given  explosion;  (3) 
conduct  limit  analyses  of  the  maximum  pull-out  resistance  of  the  soil  reinforcement;  (4)  conduct 
limit  analyses  of  the  maximum  resistance  of  wall  panel  shear  connectors;  (5)  determine  the 
maximum  wall  panel  displacement  due  to  the  given  threat;  and  (6)  design  against  breaching  of  a 
reinforced  concrete  wall  panel.  The  preliminary  design  for  an  anchored  wall  panel  and  soil 
reinforcing  system  was  prepared  using  this  proposed  procedure  in  Section  VI. 

The  design  procedure  was  based  on  the  "limit  state"  concept,  which  requires  determination  of 
the  peak  ground  shock  loading  as  well  as  the  ultimate  resistance  of  the  structural  system.  It  was 
illustrated  in  Section  V  that  no  single  algorithm  would  provide  accurate  ground  shock  predictions 
for  homogeneous  soils,  let  alone  reinforced  soil.  A  number  of  algorithms  have  been  used  to 
predict  the  peak  ground  shock  through  a  reinforced  sandy  soil  for  the  given  design  threat.  The 
Air  Force  Design  Manual  predicted  a  peak  free-field  normal  stress  of  1520  psi,  while  the 
hydrodynamic  code  SABER-PC  predicted  670  psi.  For  the  peak  wall/soil  interface  stress  in  the 
wall  panel  and  reinforced  soil  system  described  in  Figures  7  and  8,  the  ID  mathematical  model 
predicted  1340  psi  and  the  DYNA2D  finite  element  model  predicted  710  psi.  There  is  significant 
scatter  in  these  values.  If  the  ground  shock  parameters  in  a  homogeneous  soil  could  be  predicted 
accurately,  however,  the  corresponding  values  for  the  soil  with  reinforcement  could  be  derived 
according  to  stress  and  strain  compatibility  assumptions.  Jewell  et  al.(1985)  proposed  a  rational 
method  to  determine  the  ultimate  pull-out  resistance  of  a  geogrid  under  static  loading,  based  on 
the  frictional  and  bearing  interaction  between  the  soil  and  the  geogrid.  This  method  has  been 
adopted  in  the  FHWA  design  guidelines  for  reinforced  soil  structures  and  is  used  herein  as  Step  3 
of  the  design  procedure. 


Extensive  three-dimensional  (3D)  finite  element  analyses  using  SAP90™  have  been 
conducted  to  study  the  geometric  effects  of  different  wall  panel  configurations  on  the  structural 
behavior  of  the  connection  system.  Rectangular  and  hexagonal  wall  panels  commonly  used  in 
highway  construction,  and  a  "masonry  wall"  type  of  construction  were  studied  in  detail.  A 
segment  of  a  wall,  16  feet  high  by  16  feet  wide,  built  with  different  wall  panel  configurations  but 
with  the  same  soil  reinforcement  was  employed  for  the  parametric  studies.  The  results  of  these 
parametric  studies  were  summarized  in  Section  V.  It  was  concluded  that  using  4-foot  wide,  2- 
foot  high,  8-inch  thick  wall  panels  or  blocks,  arranged  in  a  masonry  wall  configuration,  would 
minimize  the  joint  forces  and  consequently  maximize  the  wall’s  survivability.  It  is  interesting  to 
note  that  SAP90™  predicted  a  maximum  wall  panel  displacement  of  13  inches,  DYNA2D 
predicted  7  inches  and  the  simplified  design  procedure  predicted  1 1  inches  SAP90™  predicted  a 
maximum  geogrid  tension  of  13000  pounds  and  the  design  procedure  predicted  the  maximum 
tension  in  each  layer  of  geogrid  to  be  16750  pounds.  Because  of  the  impulsive  nature  of  ground 
shock,  the  maximum  response  of  the  wall  panel  and  reinforced  soil  system  depends  mainly  on  the 
capacity  and  rate  of  energy  absorption  and  dissipation  of  the  system.  Therefore,  the  connection 
between  wall  panels  and  soil  reinforcement,  and  soil  reinforcement  itself  should  be  ductile  beyond 
the  proportional  limit.  Furthermore,  the  soil  reinforcement  should  possess  a  high  elastic  tensile 
modulus  to  minimize  the  wall  panel  displacement. 

B.  RECOMMENDATIONS 

The  simplified  design  procedure  proposed  herein  for  a  modular  wall  panel  and  reinforced  soil 
connection  system  should  be  validated  by  conducting  full-scale  explosive  tests  or  small-scale 
centrifuge  tests.  The  design  parameters  to  be  varied  in  the  tests  should  include  panel  geometry, 
geogrid  mechanical  properties,  and  shear  connector  design.  These  tests  should  be  fully 
instrumented  to  provide  data  for  design  guidance.  The  transducers  should  include  free-field 
pressure  gages  in  soil,  strain  (or  stress)  gages  on  the  geogrid,  interface  stress  gages  on  wall 
panels,  accelerometers  on  wall  panels,  and  LVDTs  to  measure  instantaneous,  as  well  as 
permanent  displacement  of  wall  panels. 
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